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ABSTRACT 
DETERMINING THE METHIONINE REQUIREMENTS OF LACTATING DAIRY COWS 
by 
Michael T. Socha 
University of New Hampshire, December, 1994 
Five, multiparous, Holstein cows fitted with ruminal and duodenal 
cannulas were assigned to 5 x 5 Latin squares at peak, early, and mid 
lactation to determine the required level of Met in duodenal digesta for 
maximum synthesis of milk protein. Cows were fed corn-based diets, 
formulated to be most limiting in Met and Lys, and were infused with 
incremental amounts of Met and a basal amount of Lys. The calculated 
required contributions of Met to total essential AA passing to the 
duodenum for maximum milk protein synthesis exceeded 5.5 and 5.2% of 
essential AA for the peak and early lactation cows, and was less than 5.0% 
of essential AA for the mid lactation cows. 
In the second study, four, early lactation, multiparous, Holstein 
cows fitted with ruminal and duodenal cannulas were assigned to an 
incomplete, 5x5 Latin square to determine the effect of supplementing 
Met when Lys appeared to be the first limiting AA. Cows were fed a corn-
based diet that appeared most limiting in Lys, and treatments were daily 
infusions into the duodenum of 0, 5, 10, or 15 g/d of DL-Met, or 10 g/d 
of DL-Met plus 20 g/d of L-Lys. Milk protein yield was lower for the Met 
only treatments in comparison to the Lys plus Met treatment. There was no 
effect of treatment on milk composition or yield of milk, energy-corrected 
milk, or FCM. 
xviii 
In the third study, eighty, multiparous, Holstein cows were assigned 
to randomized, incomplete block, experiment to determine the lactational 
responses to Met and Lys supplementation. Treatments were either a 16 or 
18.5% CP diet supplemented with: 1) no rumen-stable AA, 2) 10.5 g/d of Met 
from rumen-stable Met, 3) 10.2 g/d of Met and 16 g/d of Lys from a rumen-
stable Lys plus Met product. There was no response to Met alone. 
However, cows receiving both Lys and Met produced more milk protein and 
energy-corrected milk and tended to produce more milk and FCM. Responses 
to Lys and Met supplementation were greatest in the first eleven weeks of 
lactation, and largest for cows consuming the 18.5% CP diet. 
INTRODUCTION 
Interest has been growing in balancing diets of lactating dairy cows 
for amino acids. Some of the benefits of balancing diets of lactating 
dairy cows for amino acids include increased synthesis of milk protein, 
maximum lactational performance with minimal protein and therefore minimal 
AA wastage, and potentially reduced incidence of ketosis and fatty liver 
syndrome. 
In order to balance diets of lactating cows for amino acids, we have 
to be able to predict amino acid passage to the duodenum, determine amino 
acid requirements and develop rumen-stable amino acid products. Several 
models have been developed to predict amino acid passage to the duodenum, 
however most have not been verified. Several rumen-stable amino acid 
products have been introduced and are being tested. However requirements 
for amino acids have only been estimated for Lys. There has been little 
work to establish amino acid requirements for the other amino acids. 
The primary focus of the research presented in this thesis was to 
examine the Met requirement of lactating dairy cows. The research also 
examined the effect of supplementing Met when Lys appeared first limiting. 
The final study presented examined the effect of increasing Lys and Met 
content of duodenal digesta of late gestation and early lactation cows on 




DETERMINING THE AMINO ACID REQUIREMENTS OF LACTATING DAIRY COWS 
Introduction 
As in all other mammals, lactating dairy cows have specific 
metabolic requirements for each of the essential amino acids (EAA) as well 
as for nonspecific nitrogen (N) for maintenance, growth, pregnancy, and 
lactation. Therefore, optimizing the carbohydrate content of the diet and 
the balance of absorbable amino acids (AA) (balance of EAA as well as the 
balance of total EAA to nonspecific N) is fundamental to maximizing 
lactational performance with minimal dietary protein and therefore minimal 
AA wastage. Moreover, this should reduce urinary N output per unit of 
milk produced and therefore, spare metabolic energy for milk production or 
other body functions. 
Amino acid requirements of ruminants are met primarily through 
microbial protein synthesized from rumen-degradable protein (RDP), 
recycled and endogenous N, and rumen-undegradable protein (RDP). The more 
recent protein systems (e.g. 3, 17, 29) recognize that ruminants have 
specific requirements for both RDP and RUP, and feed proteins are 
distributed between these two fractions. However, these nutritional 
recommendations do not describe AA requirements of the host animal nor do 
they consider the AA composition of either microbial protein or RUP. 
Therefore, a universal goal in ruminant protein nutrition is the 
development of a protein system that would permit diet formulation in 
accordance with N and AA requirements of rumen microbes and the host 
2 
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animal. Development of such a system awaits accumulation of added 
descriptive and quantitative data involving numerous aspects of N and AA 
metabolism in the ruminant species. The objective of this chapter is to 
examine methods of establishing AA requirements for lactating dairy cows. 
Identifying the Order of Amino Acid Limit-ai-inn 
The first step in establishing AA requirements is to identify 
those AA which generally are first limiting. Schwab et al. (51) conducted 
five experiments in which lactating dairy cows, fed corn-based diets (10.7 
to 11.5% crude protein (CP)), were duodenally inf.used with individual and 
mixtures of EAA, to determine the order of AA limitation. Infusion of 
methionine (Met) alone had no effect on secretion of milk, milk protein, 
or milk fat. Lysine (Lys) infused alone resulted in 16% of the total 
response in milk protein yield that was obtained when either casein or all 
10 EAA were infused (Table 1), while infusion of Lys and Met together 
accounted for 43% of the total response. Infusion of threonine (Thr), 
Met, and Lys accounted for 59% of the total response; isoleucine (lie), 
valine (Val), Met, and Lys for 66% of the total response, phenylalanine 
(Phe), He, Val, Met, and Lys for 62% of the total response, leucine 
(Leu), lie, Val, Met, and Lys for 61% of the total response, and histidine 
(His), Phe, lie, Thr, Val, Met, and Lys for 93% of the total increase in 
milk protein secretion (Table 1). Results indicated that Lys was first 
limiting and that Met was second limiting, or that Lys and Met were co-
limiting. Identification of the third limiting AA was more difficult to 
ascertain, although either lie or Thr, or both, appeared to be third 
limiting. Another conclusion drawn from the experiments was that milk 
4 
protein content was the most sensitive of the production variables (yield 
of milk, fat-corrected milk, milk protein, and milk fat and content of 
milk fat and milk protein) to alterations in AA content of duodenal 
digesta. 
Results of this study (51) have been reaffirmed by numerous other 
studies which indicate that Lys and Met are the two most limiting AA when 
corn-based diets are fed (42, 50, 52) and that milk protein content and 
yield are the most sensitive production responses to changes in Lys and 
Met content of duodenal digesta (43, 50). Furthermore, the increase in 
milk protein content is the result of an increase in the casein fraction 
of milk protein and not the whey and non-protein nitrogen (Table 2). No 
additional research except that reported by Schwab et al. (51) has been 
conducted to determine the order of AA limitation beyond that Lys and Met 
are the first two limiting AA. Therefore, this review will focus only on 
determining requirements for Lys and Met. 
Bn-himating Amino Acid Requirements 
Amino acid requirements of lactating dairy cows can be estimated by 
using either factorial or empirical (e.g., dose-response) approaches. 
The Factorial Approach 
The factorial approach has been utilized in developing several 
models to estimate AA requirements of lactating dairy cattle (14, 25, 31). 
The Cornell Net Carbohydrate and Protein System (CNCPS)(15) is the 
cumulation of these models. It estimates AA requirements by summing the 
amounts of each AA lost daily in the form of scurf (hair and skin), 
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urinary, and fecal protein, and the amounts deposited in tissue (including 
fetal) and milk. Requirements for absorbable AA are calculated by 
multiplying net protein requirements by the AA composition of the product 
formed and dividing by efficiencies of use for individual absorbed AA for 
maintenance and product formation (30). The efficiencies of use differ 
for each individual AA, and they differ if the AA is used for maintenance, 
gestation, or lactation (Table 3). Using the CNCPS, required levels of 
Lys and Met in duodenal digesta are estimated to be 16.3 and 5.2% of EAA, 
and do not appear to be affected by yield of milk or milk protein (Table 
4). In contrast, the requirements for absorbable lie and Val increase, 
and Arg decreases as level of production increases. These differences 
reflect the relative differences in concentrations of lie, Val, and Arg in 
body tissue and milk protein. If the CNCPS accurately describes AA 
metabolism in the lactating dairy cow, then it can be expected that lie 
and Val will become more limiting, or possibly first limiting as 
production levels increase, even if concentrations of Lys and Met in 
duodenal digesta remain constant (Table 4). 
A limited amount of data correlating estimated absorbed AA and AA 
content of tissue, milk, and scurf protein was used to determine 
efficiencies of use for individual absorbed AA (14, 30). Hence, there is 
potential for substantial error in estimating requirements using the 
factorial method. 
The Dose-Response Approach 
Estimating AA requirements by establishing dose-response 
relationships between measured production responses and levels of 
6 
absorbable AA eliminates errors associated with the factorial method, and 
is essential for confirming requirements established by factorial methods. 
Dose-response relationships between absorbable Lys and Met and synthesis 
of milk protein can be determined either indirectly or directly. 
Indirect determinations. Oose-response relationships for AA can be 
determined, indirectly, by summarizing studies in the literature in which 
AA content of duodenal digesta was altered by postruminal supplementation 
of individual AA and lactational responses were measured. The 
shortcomings of this approach are two-fold. First, such studies have 
generally been limited to Lys and Met. Secondly, in most of these studies 
in which Lys and Met were infused postruminally or fed in rumen-stable 
form, simultaneous measurements of passage of AA to the duodenum were not 
made. 
To use this approach, a method ultimately is needed to predict 
passage of absorbable AA to the small intestine so contributions of Lys 
and Met to total absorbable AA or EAA in duodenal digesta can be 
calculated. As a first approach, I developed regression equations to 
predict contributions of Lys and Met to total EAA in duodenal digesta by 
using results of 30 published studies in which AA flows to the duodenum 
were measured using duodenally cannulated, lactating cows. A summary of 
the characteristics of these studies is presented in Table 5. Location of 
experiments and different characteristics of the cows (days in milk, DMI, 
and intakes of CP and RUP) and diets fed to the cows (content of RUP, RDP, 
CP, EAA of feed and RUP, and non-structural carbohydrate) were evaluated 
as potential predictors of Lys and Met content of duodenal digesta. The 
correlation procedure of SAS (48) was used to identify dependent variables 
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that were correlated linearly with each other, and were then not used 
simultaneously. The GLM procedure of SAS (48) was used to develop the 
equations, and variables having a P-value greater than .10 were discarded. 
The effect for "source of data" was absorbed. The best resulting 
equations for predicting Lys and Met content of duodenal digesta are 
presented below: 
Lysine equation: 
Y = 14.43 - .04X-| - .29X2 + .54X3 + C (R2 = .82) 
where: 
Y = Lys content of duodenal digesta, % of EAA 
Xt = RUP, % of dietary CP 
X2 = Dietary CP, % of dry matter (DM) 
X3 = Lys in RUP, % of total EAA 
C = Constants for stage of lactation: lat 100 days = -.13; 2nd 100 
days = .80; and >200 days = .0. 
Methionine equation: 
Y = 5.36 - .08X-J + 3.94X2 + C (R2 = .55) 
where: 
Y = Met content of duodenal digesta, % of EAA 
X, = RUP, % of dietary CP 
X2 = Met in RUP, % of dietary CP 
C = Constants for stage of lactation: 1st 100 days = -.15; 2nd 100 
days = .34; and >200 days = .0. 
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A shortcoming of the New Hampshire (NH) equations is that values for 
Lys and Met are predicted only as percentages of total EAA in duodenal 
digesta; flows of total EAA to the duodenum are not estimated. Estimates 
of these are needed to determine how postruminal Lys and Met 
supplementation affects contribution of Lys and Met to total EAA in 
duodenal digesta. From the 9 studies summarized in Table 6, it was 
assumed that an intake of 2.8 kg of CP provides 1 kg of total EAA to the 
duodenum. 
The NH equations in conjunction with the factor (2.8 kg of CP/kg of 
total EAA) predicting passage of EAA to the duodenum, were used to 
estimate Lys and Met content of duodenal digesta for 19 trials (46 
treatments) in which Lys was supplemented postruminally either by infusion 
or by feeding in rumen-stable form, and 28 trials (75 treatments) in which 
Met was supplemented postruminally. Characteristics of the experiments, 
as well as a summary of the experiments, are given in Tables 7, 8, and 9. 
Using the NH equations, contributions of Lys and Met to EAA in 
duodenal digesta were calculated for control and treatment groups. For 
each set of treatments, milk production, and milk protein content and 
yield were estimated as if estimated duodenal Lys supply was 15.0% of EAA, 
or estimated duodenal Met supply was 5.0% of EAA. This was accomplished 
by selecting for each set of treatments, the two treatments having 
estimated duodenal Lys and Met supplies closest to 15 or 5% of EAA, and 
then through simple regression, estimating what production would have been 
if duodenal Lys supply was 15% of EAA, or in the case of Met, duodenal Met 
supply was 5.0% of EAA (see Table 10 for sample calculation). The 
reference values were chosen for Lys and Met, because in most of the 
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studies, the range for predicted duodenal Lys and Met supplies encompassed 
15 and 5% of EAA in the respective studies. And finally, milk yield, and 
milk protein content and yield responses were expressed relative to the 
reference production values calculated for duodenal Lys and Met supplies 
of 15.0 and 5.0% of EAA, respectively. 
The relationships between duodenal AA supply and the production 
variables were quantified by using the Forward Selection option of the 
Regression procedure of SAS (48). Transformations of x (duodenal AA 
2 3 
supply) that were included in the model were x, x , and x . 
Transformations of x having a P-value greater than .10 were discarded from 
the model. Local maximums were calculated for curves by setting to zero, 
the derivative of the equation for the relationship between the production 
variable and AA content of duodenal digesta. Relationships between 
2 duodenal Lys and Met supplies and mxlk yields were poor (low R ) and are 
not presented here. 
The milk protein content and yield responses in relation to 
absorbable Lys were described as: 
Milk protein content response (%) = .3886(Lys) - .01143(Lys)2 - 3.239 
2 R = .90, n = 46, local maximum occurs at Lys = 17.0 (Figure 1); 
Milk protein yield response (g/d) = 121.3(Lys) - .1274(Lys)3 - 1389 
2 R = .66, n = 46, local maximum occurs at Lys = 17.8 (Figure 2); 
where Lys = its content in duodenal digesta as a percentage of EAA. The 
relationships between duodenal Met supply and milk protein content and 
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yield were poor (Figures 3 and 4) unless the data base was restricted to 
include only treatment means in which Lys levels in duodenal digesta 
exceeded 14.4% of EAA. The relationships for the restricted data base 
were described as: 
Milk protein content response (%) = .1275(Met) - .00079(Met)3 - .5404 
2 R = .67, n = 38, local maximum occurs at Met = 7.3 
(outside the range for estimated duodenal supply of Lys) (Figure 5); 
Milk protein yield response (g/d) = 63.34(Met) - .6375(Met)3 - 229.9 
2 R = .25, n = 38, local maximum occurs at Met = 5.8 (Figure 6); 
where Met = its content in duodenal digesta as a percentage of EAA. Milk 
protein content appeared to be the most sensitive indicator of Lys and Met 
content of duodenal digesta. Using milk protein content as the response 
criterion, a local maximum occur when Lys content of duodenal digesta 
equaled 17.0% of EAA. The Met requirement could not be estimated, because 
a local maximum did not occur in the range for estimated duodenal supply 
of Met. 
The CNCPS (15) also was used to predict flows of Lys and Met to the 
duodenum for the same experiments (Tables 7-9). Unlike the NH equations 
which were developed by using regression analysis, the CNCPS (15) uses the 
factorial approach to predict AA passage to the duodenum. It estimates AA 
flows to the duodenum from estimates of RUP, microbial, and endogenous 
protein flowing to the duodenum (30). An advantage of the CNCPS over the 
NH equations is that it predicts flows of each EAA to the duodenum (g/d). 
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Milk protein content and yield responses were expressed relative to 
reference values calculated for when Lys and Met comprised 15.0 and 5.0% 
of EAA, respectively (Table 10). The relationships between absorbable Lys 
and milk protein content and yield responses were developed using a 
approach similar to the NH equations and were described as: 
Milk protein content response (%) = .3010(Lys) - .00035(Lys)3 - 3.330 
2 R = .88, n = 46, local maximum occurs at Lys = 17.0 (Figure 7); 
Milk protein yield response (g/d) = 197.7(Lys) - .2145(Lys)3 - 2243 
2 R = .70, n = 46, local maximum occurs at Lys = 17.5 
(outside the range estimated duodenal supply of Lys) (Figure 8); 
where Lys = its content in duodenal digesta as a percentage of EAA. As 
observed with the use of the NH equations, the relationships between 
absorbable Met and milk protein content and yield were poor (Figures 9 and 
10) unless the data base was restricted to include only treatment means in 
which Lys levels in duodenal digesta were similar to or exceeded 
requirements. In this case, the data base was restricted to include only 
those estimates of Met in which Lys exceeded 14.9% of EAA. The 
relationships for the restricted data base could be described as: 
Milk protein content response (%) = .00101(Met) - .1268 
R2 = .68, n = 40, (Figure 11); 
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Milk protein yield response (g/d) = .2788(Met)3 - 35.83 
R2 = .25, n = 40, (Figure 12); 
where Met = its content in duodenal digesta as percentage of EAA. Milk 
protein content appeared to be the most sensitive indicator of Lys and Met 
content of duodenal digesta. Using milk protein content as the response 
criterion, a local maximum occurred when Lys content of duodenal digesta 
equaled 17.0% of EAA. The Met requirement could not be estimated, because 
a local maximum did not occur inside the range for estimated duodenal 
supply of Met. 
Rulquin et al. (46) also developed dose-response curves for 
lactational performance in relation to supplies of absorbable Lys and Met. 
A similar data base was used. The workers found that milk protein content 
was the production trait most sensitive to alterations in digestible Lys 
and Met. Of primary importance was the observation that responses in 
content or yield of milk protein were either not affected, or decreased 
when Lys concentrations were below 6.5% of total digestible protein (PDI) 
and Met levels in duodenal digesta were above 2.3% of PDI. Since the 
response curves did not plateau, but rather approached a Y asymptote, the 
authors estimated that the required level of digestible Lys and Met, 
approached 7.3 and 2.5% of PDI (equivalent to approximately 14.9 and 5.1% 
of EAA, respectively). 
The differences in the Lys and Met requirements obtained from dose-
response curves of Rulquin et al. (46) and the NH and CNCPS dose-response 
curves is related to the biasness of the methods of predicting AA content 
of duodenal digesta as well as the method of estimating requirements. The 
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Lys requirement from the NH or CNCPS dose-response curves was based upon 
the point of maximum response to alterations in duodenal Lys supply. The 
dose-response curves developed by Rulquin et al. (46) did not plateau, but 
rather approached Y asymptotes at infinite concentrations of Lys and Met. 
The Lys and Met requirements were arbitrarily determined as the point at 
which 16 g of milk protein are lost, relative to the Y asymptotes. A 
similar calculation with the NH and CNCPS dose-response curves for the 
relationship between duodenal Lys supply and milk protein yield indicates 
that when 16 g of milk protein are lost, relative to maximum milk protein 
yield, Lys concentration in duodenal digest is 16.2% of EAA. 
Direct determinations. Lysine and Met requirements can be 
determined directly by postruminally infusing or by feeding in rumen-
stable form, incremental amounts of Lys or Met and simultaneously 
measuring AA passage to the duodenum. Direct determination of 
requirements eliminates the problems associated with the factorial and 
indirect dose-response methods. However, this approach is expensive, 
labor intensive, and slow. Unfortunately, only in studies in which Lys 
and Met were infused postruminally were passage of AA to duodenum measured 
simultaneously. 
Rulquin et al. (45) conducted two 4x4 Latin squares using Holstein 
cows in midlactation, to determine the required level of Lys in duodenal 
digesta for maximum synthesis of milk protein. A basal level of Met was 
infused with incremental levels of Lys to ensure Met was not limiting the 
response to infused Lys. Cows were fed diets balanced to provide 90 
(Experiment 1) and 110% (Experiment 2) of CP requirements (Table 11). In 
Experiment 1, milk protein content and yield were maximized when 15 g/d of 
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Lys were infused, and in Experiment 2, milk protein content and yield were 
maximized when 30 g/d of Lys were infused (Table 11). Using measurements 
of duodenal AA flow and assumed intestinal availabilities of 100% for 
infusate and 80% for RUP and microbial protein, Schwab et al. (53) 
calculated that Lys must contribute 15.0 and 14.8% of EAA to maximize 
synthesis of milk protein Experiments 1 and 2, respectively. 
Schwab et al. (53) examined the required levels of Lys in duodenal 
digesta for maximum synthesis of milk protein in peak (Experiment 1), 
early (Experiment 2), mid (Experiment 3), and late (Experiment 4) 
lactation (Table 12). A basal level of Met was infused with incremental 
levels of Lys (Table 12). In Experiments 1, 2, and 3, extent of Lys 
limitation was determined to be 25, 20, and 10 g/d, respectively (Table 
12). In late lactation, yield of milk protein was not affected by amount 
of infused Lys. Using the same method of calculation, the required 
contributions of Lys to total EAA passing to the duodenum were estimated 
to be 15.2, 13.9, and 14.5% for Experiments 1, 2, and 3, respectively. 
The lack of response to infused Lys in late lactation can be attributed to 
Lys constituting 14.7% of EAA in duodenal digesta when the basal diet was 
fed. 
To the author's knowledge, these are the only published studies in 
which incremental levels of Lys were infused along with a basal level of 
the anticipated second or co-limiting EAA. The average calculated 
requirement for Lys from these studies is 14.7% of EAA. However, it is 
reasonable to assume that this is an underestimate of the Lys requirement 
due to some EAA being supplied in excess. Also, deficiencies of other EAA 
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may have developed as additional Lys was supplied, limiting the response 
to additional infused Lys. 
The direct dose-response approach for estimating Met requirements is 
limited to one study. Pisulewski et al. (35) infused 10 g/d of L-Lys plus 
either 0, 6, 12, 18, or 24 g/d of DL-Met into the duodenum of early 
lactation cows (4 to 14 wk postpartum)(Table 13). Milk protein content 
and yield increased linearly, but not quadratically. Using measurements 
of duodenal AA flow and assumed intestinal availabilities of 100% for 
infusate and 80% for RUP and microbial protein, the researchers concluded 
that the contribution of Met to total EAA passing to the duodenum for 
maximizing synthesis of milk protein exceeded 5.1% of EAA. 
Conclusions 
Lysine and Met are the first two limiting AA for lactating dairy 
cows fed corn-based diets. Requirements of absorbable Lys and Met, as 
determined by the CNCPS, were 16.3 and 5.2% of EAA, respectively (Table 
14). Using the indirect dose-response approach, Rulquin et al. (46) 
calculated the requirements to be 14.9 and 5.1% of EAA, respectively. 
Using the NH equations or the CNCPS to develop dose-response curves, the 
Lys requirement for maximum content of milk protein was determined to be 
17.0% of EAA; required level of Met could not be established due to the 
linear relationship between absorbable Met and milk protein content. 
Using Rulquin et al. (46) method of determining AA requirements and the NH 
and CNCPS dose-response curves, the Lys requirement was estimated to be 
16.2% of EAA, but the Met requirement was still unable to be estimated. 
The mean required level of Lys in duodenal digesta for maximum synthesis 
16 
of milk protein, as determined with the direct dose-response approach, 
was 14.7% of EAA; the required level of Met in duodenal digesta, as 
determined by one infusion study, exceeded 5.1% of EAA (Table 14). 
Subsequent chapters of this thesis report our studies on the requirement 
of Met for maximum synthesis of milk protein as well as the physiological 
and lactational effects of increasing levels of absorbable Met and Lys. 
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TABLE 1. Summary of abomasal amino acid infusions on milk crude protein secretion. 












lie He lie lie lie 
Thr Thr 
Val Val Val Val Val Val 
Met Met Met Met Met Met Met Met 









(% of response obtained with positive control infusates )-











Average 19 -15 16 43 43 59 66 62 61 49 93 
From Schwab et al. (51). 
Positive control infusates consisted of the 10 essential AA in trial 1 and sodium caseinate in trials 




TABLE 2. Effects of supplying Lys and Met by either duodenal infusion 
or by feeding rumen-stable forms on content of milk protein fractions. 
Source Nitrogen fraction Control Lys -I- Met 
(%) 










































Robert et al. (39) True protein 
Casein 
Urea 










2 .22  
.05 
2.91 
2 . 2 8  
.06 
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TABLE 3. Utilization of individual absorbed amino acids for physiological 
functions. 
Amino acid Maintenance Gestation Lactation 
(g AA utilized/g AA absorbed) 
Met .85 .85 .98 
Lys .85 .85 .88 
His .85 .85 .90 
Phe .85 .85 1.00 
Trp .85 .85 .85 
Thr .85 .85 .83 
Leu .66 .66 .72 
He .66 .66 .62 
Val .66 .66 .72 
Arg .85 .66 .42 
1 From O'Connor et al. (30). 
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TABLE 4. Requirements of Holstein cows for absorbed essential AA (BAA) at 
three levels of milk production as determined using the Cornell Net 
Carbohydrate and Protein System (15). 
Milk yield, kg/d 
EAA 
36.3 45 .4 54.5 
g/d % Of EAA g/d % Of EAA g/d % of EA/ 
Arg 84.9 9.9 96.9 9.6 108.9 9.3 
His 49.8 5.8 58.8 5.8 67.8 5.8 
He 104.8 12.3 126.8 12.5 148.8 12.7 
Leu 149.7 17.5 177.3 17.5 204.9 17.5 
Lys 139.3 16.3 165.2 16.3 191.1 16.3 
Met 44.1 5.2 52.3 5.2 60.6 5.2 
Phe 77.4 9.0 91.8 9.1 106.2 9.1 
Thr 74.7 8.7 87.9 8.7 101.2 8.6 
Trp 23.9 2.8 29.2 2.8 34.5 2.9 
Val 106.9 12.5 127.8 12.6 148.6 12.7 
Total EAA 855.5 1014.0 1172.6 
1 The following animal factors were kept constant: age, 48 mo.; frame 
size 5; BW, 636 kg; flesh condition 6; days pregnant, 0; DIM, 45; 
lactation no., 3; milk fat, 3.8%; and milk true protein, 3.3%. 
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TABLE 5. Characteristics of studies used to develop equations for 
predicting Lys and Met content of duodenal digesta.1 
Item Mean Range 
Number of studies 30 
Number of treatment means 78 
DMI, kg/d 19.6 12.4 - 26.5 
Dietary CP, % DM 16.3 11.3 - 23.1 
RUP, % CP 37.5 24.6 - 60.0 
RUP-Lys intake, g/d 46.3 19.0 - 111.0 
Lys intake, g/d 128.0 50.0 - 240.0 
RUP-Met intake, g/d 18.0 8.0 - 34.0 
Met intake, g/d 36.0 18.0 - 67.0 
Lys content of duodenal digesta, % BAA 13.8 9.6 - 17.9 
Met content of duodenal digesta, % EAA 4.2 2.4 - 6.5 
1 Studies used to develop equation: (1, 2, 5, 6, 10, 12, 13, 19, 20, 
21, 22, 24, 26, 27, 34, 37, 38, 47, 52, 53, 57, 58, 59, and 61). 
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TABLE 6. Studies in which flow of essential amino acids (EAA) to the 
duodenum were measured in duodenally cannulated, early lactation cows. 
kg CP 
EAA Flow kg of 
Source CP Intake to duodenum EAA 
(kg) (9/d) 
Cunningham et al. (10) 
Klusmeyer et al. (20) 
McCarthy et al. (26) 
Ellington et al. (12) 
Robinson et al. (38) 
Aldrich et. al. (1) 
Aldrich et al. (2) 
Schwab et al. (53) 
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2 . 0  
2.3 
2.1 
2 . 8  
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TABLE 7. Characteristics of studies used to develop dose-response curves 
for yield responses in relation to Lys content of duodenal digesta.1 
Item Mean Range 
Number of studies 19 
Number of treatment means 46 
Intake 
DMI, kg/d 20.9 17.0 - 24.5 
CP, % DM 14.9 10.7 - 19.6 
RUP, % CP 36.3 30.4 - 47.8 
Milk yield, kg/d 31.6 20.7 - 46.3 
Milk protein content, % 3.04 2..66 3.30 
Milk protein yield, g/d 955 631 -1431 
Predicted duodenal AA supply 
Lys, % EAA (NH)2 14.9 10.1 - 18.6 
Met, % EAA (NH)3 5.4 3.7 7.2 
Lys, % EAA (CNCPS)4 15.3 11.5 - 17.3 
Met, % EAA (CNCPS)5 5.8 4.7 6.5 
1 Data from King et al. (18) were not used in developing dose-
response curves due to the large dosage of Lys infused into the duodenum. 
Data from Rogers et al. (41) was not used due to the large differences 
between adjusted and unadjusted milk yields. 
2 Lysine content of duodenal digesta as predicted by New Hampshire 
equations. 
3 Methionine content of duodenal digesta as predicted by New 
Hampshire equations. 
4 Lysine content of duodenal digesta as predicted by Cornell Net 
Carbohydrate and Protein System (15). 
5 Methionine content of duodenal digesta as predicted by Cornell Net 
Carbohydrate and Protein System (15). 
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TABLE 8. Characteristics of studies used to develop dose-response curves 
for yield responses in relation to Met content of duodenal digesta. 
Item Mean Range 
Number of studies 28 
Number of treatment means 75 
Intake 
DM, kg/d 21.6 16.3 - 26.5 
CP, % DM 15.7 10.7 - 19.6 
RUP, % CP 38.1 30.9 - 47.8 
Milk yield, kg/d 34.3 20.9 - 43.1 
Milk protein content, % 3.03 2.71 - 3.53 
Milk protein yield, g/d 1035 628 - 1316 
Predicted duodenal AA supply 
Lys, % EAA (NH)2 14.8 10.1 - 18.7 
Met, % EAA (NH)3 5.2 3.4 - 7.2 
Lys, % EAA (CNCPS)4 15.1 11.5 - 17.1 
Met, % EAA (CNCPS)5 5.4 4.5 7.5 
1 Data from Rogers et al. (41) were not used due to the large 
differences between adjusted and unadjusted milk yields. 
Lysine content of duodenal digesta as predicted by New 
Hampshire equations. 
3 Methionine content of duodenal digesta as predicted by New 
Hampshire equations. 
4 Lysine content of duodenal digesta as predicted by Cornell Net 
Carbohydrate and Protein System (15). 
5 Methionine content of duodenal digesta as predicted by Cornell 
Net Carbohydrate and Protein System (15). 
TABLE 9. Response to postruminal Lys and Met supplementation. 









(% of DM) - (kg/d) - (%) (g/d) (% of total EAA) 
Armentano Control 
et al. 5.25g Met8 
(4) 10.5g Met8 
11.5g Met + 14.7g Lys7 
Control Casper and 





















Early 19.6 40.2 24.5 41.3 2.89 1191 13.3 4.3 14.7 4.8 
Early 19.6 40.2 24.2 41.4 2.95 1219 13.2 4.6 14.7 5.1 
Early 19.6 40.2 24.2 41.4 2.95 1219 13.2 4.6 14.7 5.1 
Early 19.6 40.2 24.2 41.4 2.95 1219 13.2 4.6 14.7 5.1 
Early 14.8 30.9 17.8 30.3 2.75 770 15.3 4.4 15.2 5.1 
Early 14.8 30.9 17.7 29.8 2.87 855 15.0 5.9 15.0 6.4 
Early 15.8 40.0 20.5 35.3 2.86 1010 14.3 4.6 14.7 4.8 
Early 15.8 40.0 21.6 33.9 2.90 983 14.1 6.3 14.5 5.8 
Early 15.3 37.2 19.3 32.9 2.99 980 14.1 4.5 14.6 5.0 
Early 15.3 37.2 21.1 35.2 3.06 1070 14.0 5.7 15.0 6.4 
Early 16.0 41.9 20.8 33.8 3.02 1020 14.2 4.3 14.6 4.5 
Early 16.0 41.9 19.2 35.0 2.98 1040 14.1 6.0 14.5 5.4 
Early 15.9 35.2 19.8 35.5 2.97 1054 14.5 4.2 15.0 4.9 
Early 15.9 35.2 20.9 33.6 3.02 1015 14.4 5.0 14.9 5.4 
Early 15.9 35.2 20.5 34.8 3.04 1058 14.3 5.7 14.9 5.8 
Early 15.9 35.2 21.2 34.9 2.98 1040 14.3 6.3 14.8 6.2 
Early 15.9 35.2 20.9 35.1 3.02 1060 14.2 7.0 14.7 6.6 
u 
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TABLE 9. Response to postruminal Lys and Met supplementation (cont.). 
Estimated duodenal supply 
Stage NH CNCPS 
of 



























10.2g Met + 






8.4g Met + 
8.4g Met + 
8g Lys 
16g Lys7 
(% of : DM) - (kg/d) - (%) (9/d) (% of total EAA] 1 
Early 15.7 37.6 20.3 34.2 2.93 982 13.8 4.6 14.4 4.8 
Early 15.7 37.6 20.6 33.2 2.93 993 13.7 5.4 14.3 5.3 
Early 15.7 37.6 19.4 35.1 3.00 984 13.6 6.2 14.3 5.8 
Early 15.7 37.6 20.5 32.7 2.93 1005 13.5 7.3 14.2 6.2 
Early 15.7 37.6 21.5 34.9 2.87 956 13.4 9.3 14.0 7.5 
Early 16.5 34.9 23.0 37.5 2.72 1014 15.3 4.4 15.2 5.1 
Early 16.5 34.9 22.2 37.9 2.76 1039 15.3 4.4 15.2 5.1 
Early 16.5 34.9 22.6 36.3 2.86 1054 15.3 4.4 15.2 5.1 
Early 16.5 34.9 23.1 36.6 2.94 1071 15.3 4.4 15.2 5.1 
Early 16.5 34.9 22.9 37.1 2.97 1099 15.0 5.9 15.0 6.4 
Early 16.0 47.8 20.7 32.9 2.91 957 10.2 6.2 11.6 5.2 
Early 16.0 47.8 22.0 32.5 2.87 933 10.1 7.1 11.5 6.0 
Early 16.0 47.8 20.1 34.9 2.94 1020 10.9 7.0 12.2 5.9 
Early 16.0 47.8 20.8 34.4 3.01 1050 11.6 6.9 12.7 5.8 
Mid 14.5 45.7 19.5 25.2 3.11 784 11.8 6.4 12.4 5.2 
Mid 14.5 45.7 18.8 25.0 3.07 768 11.7 7.2 12.3 5.8 
Mid 14.5 45.7 18.8 27.0 3.12 842 12.4 7.1 12.9 5.8 
Mid 14.5 45.7 19.0 25.0 3.23 808 13.1 7.2 13.4 5.8 
CO 
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TABLE 9. Response to postruminal Lys and Met supplementation (cont.) 
Estimated duodenal supply 
Stage NH CNCPS 
of 
Source Treatment lact. CP1 RUP2 DMI Milk Milk CP Lys3 Met4 Lys" Met8 
7.8 
7.8 
Rogers 4.5g Met + 7.8g Lys 
et al. 16.3g Met + 7.8g Lys 
(40) 16.3g Met + 28.2g Lys 
4.5g Met + 28.2g Lys7'8 
Rulquin 15g Met 
et al. 15g Met + 15g Lys7 
(44) 15g Met + 30g Lys7 
15g Met + 45g Lys7 
Schingoethe Control (SBM) 












Control (Trial 1) 
7.1g Met 8 
7.lg Met + 22.lg Lys 7.8 
(% of DM) - (kg/d) - (%) (g/d) (% of total EAA) i 
Mid 14.5 35.8 21.8 29.9 3.07 918 16.4 5.5 15.7 5.3 
Mid 14.5 35.8 21.1 28.3 3.07 869 16.2 7.0 15.6 6.2 
Mid 14.5 35.8 22.3 30.3 3.15 954 18.1 7.0 16.9 6.0 
Mid 14.5 35.8 22.2 30.3 3.09 936 18.3 5.5 17.1 5.2 
Early 16.0 35.5 21.7 32.7 3.07 1000 13.4 6.5 13.4 6.5 
Early 16.0 35.5 22.2 32.6 3.16 1023 14.5 6.3 14.5 6.3 
Early 16.0 35.5 22.1 31.9 3.23 1025 15.6 6.3 15.6 6.3 
Early 16.0 35.5 22.2 32.4 3.26 1049 16.6 6.2 16.6 6.2 
Early 15.6 37.1 19.3 32.2 2.99 963 14.0 4.5 14.6 5.0 
Early 15.6 37.1 21.2 33.8 3.05 1031 13.9 6,2 14.4 6.1 
Early 15.0 47.7 20.1 34.5 2.90 1001 13.9 4.2 14.4 4.7 
Early 15.0 47.7 21.0 33.0 2.94 970 13.8 6.1 14.2 5.7 
Early 15.7 40.0 20.5 36.2 2.85 1032 14.2 4.4 14.7 4.8 
Early 15.7 40.0 20.6 34.4 2.90 998 14.0 6.1 14.5 5.9 
Early 11.5 41.0 16.3 23.3 2.87 662 14.3 4.0 14.7 5.2 
Early 11.5 41.0 17.2 23.0 2.82 649 14.3 5.4 14.5 6.0 
Early 11.5 41.0 17.0 23.0 2.99 688 17.9 5.4 16.9 5.9 
w 
10 
TABLE 9. Response to postruminal Lys and Met supplementation (cont.). 




lact. CP RUP DMI Milk Milk CP 
NH 
T Lys Met Lys 
CNCPS 
F Met 







Control (Trial 4) 
27.8g Lys7,8 
11.3g Met + 27.8g Lys 
Control (Trial 57 
27.8g Lys7,8 















+ 30g Lys 
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7.8 
8 25g Lys 
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TABLE 9. Response to postruminal Lys and Met supplementation (cont.). 
Estimated duodenal supply 
Stage NH CNCPS 
of 
Source Treatment lact. CP1 RUP2 DMI Milk Milk CP Lys3 Met4 Lys5 Met 
(% of DM) - (kg/d) - < % )  (9/d) (% of total EAA; — -
Schwab 8g Met7 Late 13.5 31.1 18.6 21.1 2.99 628 15.0 5.6 14.8 6.2 
et al. 20g Lys8 
__ „ 7,8 20g Lys 
Late 13.5 31.1 18.4 20.9 3.00 628 17.0 4.6 17.0 5.1 
(52) 8g Met + Late 13.5 31.1 19.2 21.2 3.15 663 16.8 5.4 16.8 6.0 
Schwab lOg Met + lOg Lys Peak 17.3 32.3 17.8 32.2 3.06 985 13.9 4.9 15.4 6.1 
et al. lOg Met + 20g Lys Peak 17.3 32.3 18.8 34.7 3.05 1058 14.7 4.9 16.4 6.0 
(53) lOg Met + 30g Lys Peak 17.3 32.3 18.8 35.5 3.04 1079 15.4 4.8 17.3 5.9 
lOg Met + lOg Lys7 Early 14.4 30.7 20.3 32.4 2.92 935 13.1 5.0 15.4 6.0 
lOg Met + 20g Lys Early 14.4 30.7 21.5 33.1 2.99 978 13.8 5.0 16.2 5.9 
lOg Met + 30g Lys7 Early 14.4 30.7 20.8 32.8 2.96 961 14.6 4.9 17.1 5.9 
lOg Met + lOg Lys7 Mid 14.1 31.5 20.4 31.4 3.09 953 14.4 5.9 15.5 6.1 
lOg Met + 20g Lys7 Mid 14.1 31.5 20.9 30.4 3.15 946 15.2 5.8 16.4 6.0 
lOg Met + 30g Lys7 Mid 14.1 31.5 20.6 30.7 3.16 962 15.9 5.8 17.3 5.9 
8g Met + 8g Lys7 Late 14.9 30.4 18.2 20.7 3.25 669 15.5 4.8 15.8 6.1 
8g Met + 16g Lys7 Late 14.9 30.4 19.3 22.1 3.29 733 16.5 4.8 16.5 6.0 
8g Met + 24g Lys7 Late 14.9 30.4 18.5 22.1 3.30 729 17.4 4.7 17.3 5.9 
w 
tn 
TABLE 9. Response to postruminal Lys and Met supplementation (cont.). 






CP RUP DMI Milk Milk CP Lys Met 
CNCPS 
-5" Lys Met 
(% of : DM) - (kg/d) - (%) (9/d) (% of total EAA) 
Socha lOg _ 8 Lys 
3.5g Met8 
Peak 18.6 39.2 20.7 40.6 3.04 1226 14.8 4.3 15.8 4.5 
et al. lOg Lys + Peak 18.6 39.2 20.6 39.0 3.06 1184 14.8 4.6 16.8 4.9 
(56) lOg Lys + 7g Met8 Peak 18.6 39.2 21.0 40.1 3.17 1262 14.7 4.9 15.7 5.2 
lOg Lys + 10.5g Met8 Peak 18.6 39.2 21.7 39.3 3.13 1210 14.6 5.1 15.6 5.5 
lOg Lys + 16g Met8 Peak 18.6 39.2 22.0 40.9 3.22 1310 14.6 5.6 15.5 6.0 
Socha lOg 8 Lys 
3.5g Met8 
Early 17.4 37.9 25.4 38.2 3.20 1214 15.0 4.3 15.5 4.6 
et al. lOg Lys + Early 17.4 37.9 25.1 38.3 3.28 1246 14.9 4.5 15.5 4.9 
(56) lOg Lys + 7g Met8 
10.5g Met8 
16g Met8 
Early 17.4 37.9 25.8 38.5 3.30 1262 14.9 4.8 15.4 5.2 
lOg Lys + Early 17.4 37.9 26.0 38.2 3.34 1264 14.8 5.0 15.4 5.4 






Mid 16.0 37.5 25.5 35.1 3.41 1184 14.7 4.2 15.3 4.8 
et al. 8g Lys + Mid 16.0 37.5 26.1 35.1 3.46 1206 14.6 4.6 15.3 5.2 
(54) 8g Lys + Mid 16.0 37.5 24.9 33.9 3.50 1174 14.6 5.0 15.2 5.6 
8g Lys + 15g Met8 
20g Met8 
Mid 16.0 37.5 25.4 34.5 3.52 1206 14.5 5.4 15.1 6.0 
8g Lys + Mid 16.0 37.5 26.0 34.0 3.53 1190 14.4 5.7 15.1 6.4 
CO 
o> 
TABLE 9. Response to postruminal Lys and Met supplementation (cont.). 
Estimated duodenal supply 
Stage NH CNCPS 
of 






Control (16% CP)8 
10.5g Met7'8 
10.2g Met + 16g Lys7 
Control (18.6% CP)8 
10.5g Met7'8 
10.2g Met + 16g Lys7 
,8 Control 
15g Met .8 
(% of DM) - (kg/d) — < % )  (g/d) (% of total EAA) 
Early 16.0 43.1 23.9 42 .8 3.12 1316 14.2 4.3 15.0 4.5 
Early 16.0 43.1 22.7 42 .7 3.06 1287 14.1 5.1 14.9 5.2 
























































Dietary CP as a percentage of DM. 
RUP as a percentage of CP. 
u 
TABLE 9. Response to postruminal Lys and Met supplementation (cont.). 
3 Lysine content of duodenal digesta as predicted by the equation: 
Y = 13.39 - .04(x1) - .29(x2) + .54(x3) + C (R2 = .82) 
Lysine content of duodenal digesta, % of EAA, 
RUP in diet as a percentage of CP, 
Dietary CP as a percentage of DM, 
Lysine content of the RUP fraction as a percentage of EAA in the RUP fraction. 
Stage of lactation effect, early = -.13, mid = .80, late = .00. 
4 Methionine content of duodenal digesta as predicted by the equation: 








Y = Methionine content of duodenal digesta, % of EAA, 
xl = RUP in diet as a percentage of CP, 
x2 = Methionine content of the RUP fraction as a percentage of dietary CP. 
C = Stage of lactation effect, early = -.15, mid = .34, late = .00. 
5 Lysine content of duodenal digesta as predicted by the Cornell Net Carbohydrate and Protein System (15). 
0 Methionine content of duodenal digesta as predicted by the Cornell Net Carbohydrate and Protein System 
(15). 
7 Treatment means used to develop dose-response curves for production responses in relation to Lys content 
of duodenal digesta. 
Treatment means used to develop dose-response curves for production responses in relation to Met content 




TABLE 10. Sample calculation for determining production responses in 




Lys supply Milk Milk protein 
(%EAA) (kg/d) (%) (kg/d) 










Reference production value 15.0 36.0 3.30 1.189 
Response relative to Control 14.0 -1.0 -.10 -.069 
reference production + Lys 16.0 +1.0 +.10 +.069 
value 
40 
TABLE 11. Results of two duodenal infusion experiments designed to 
determine the extent of Lys limitation for synthesis for milk protein in 
the presence of supplemental Met. 
Infusates (g/d) 
11 Met 11 Met 11 Met 11 Met 
Item 0 Lys 15 Lys 30 Lys 45 Lys 
Milk, kg/d 30.0 
Milk protein, % 3.18 
Milk protein, g/d 954 
Experiment 1 
30.0 30.4 30.5 
3.27 3.27 3.27 
981 994 997 
Milk, kg/d 33.5 
Milk protein, % 2.90 
Milk protein, g/d 972 
Experiment 2 
33.6 35.0 33.8 
3.03 3.20 3.26 
1018 1120 1102 
Experiment 
Item 
Basal flows to duodenum, g/d 
Total essential AA (EAA) 1407 1490 
Lys 194 188 
Basal Lys in duodenal digesta 
% of total EAA 13.8 12.6 
Estimated Lys deficiency, g/d 15 30 
Estimated Lys requirement2, % of total EAA 
in duodenal digesta 15.0 14.8 
1 From Rulquin et al. (45). Cows were injected with 30 mg/d bST and fed 
protein at 90 (Experiment 1) or 110% (Experiment 2) of CP requirements. 
2 It was assumed in calculation that infused Lys had an intestinal 
digestibility of 100% and that microbial and RUP AA have an availability 
of 80%. Therefore, the amounts of Lys required from microbial and RUP 
sources to meet the deficiencies of 15 and 30 g/d would be 19 and 37.5 
g/d, respectively. 
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TABLE 12. Results of four duodenal infusion experiments designed to 
determine the extent of Lys limitation for synthesis for milk protein in 
the presence of supplemental Met. 
Infusates 
1 Met 1 Met 1 Met 
Item Water 1 Lys 2 Lys 3 Lys 
Milk, kg/d 31.7 
Milk protein, % 2.78 









Milk, kg/d 32.5 
Milk protein, % 2.85 










Milk protein, % 
Milk protein, g/d 
Milk, kg/d 
Milk protein, % 



























Basal flows to duodenum, g/d 
Total essential AA (EAA) 
Lys 
Basal Lys in duodenal digesta 
% of total EAA 
Estimated Lys deficiency, cj/d 
1353 
179 
Estimated Lys requirement,' 
in duodenal digesta 
13.2 
25 

















From Schwab et al. (53). Infusion began wk 4 (peak), wk 14 to 16 
(early), wk 221 to 23 (mid), and wk 29 to 31 (late) postpartum. 
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2 Composition of infusion solutions in Experiments 1, 2, and 3: 1) 
water, 2) 10 g/d of DL-Met plus 10 g/d of L-Lys, 3) 10 g/d of DL-Met plus 
20 g/d of L-Lys, and 4) 10 g/d DL-Met and 30 g/d L-Lys; Experiment 4: 1) 
water, 2) 8 g/d of DL-Met plus 8 g/d of L-Lys, 3) 8 g/d of DL-Met plus 16 
g/d of L-Lys, and 4) 8 g/d DL-Met and 24 g/d L-Lys. 
It was assumed in calculation that infused Lys had an intestinal 
digestibility of 100% and that microbial and RUP AA have an availability 
of 80%. Therefore, the amounts of Lys required from microbial and RUP 
sources to meet the deficiencies of 25, 20, and 10 g/d would be 31.3, 25, 
and 12.5 g/d respectively. 
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TABLE 13. Results of duodenal infusion experiment designed to determine 
the extent of Met limitation for synthesis of milk protein in the presence 
of supplemental Lys. 
Infusates (g/d) 
10 Lys 10 Lys 10 Lys 10 Lys 10 Lys 
Item 0 Met 6 Met 12 Met 18 Met 24 Met 
Milk, kg/d 37.5 37.9 36.3 36.6 37.1 
Milk protein, % 2.72 2.76 2.86 2.94 2.97 
Milk protein, g/d 1014 1039 1054 1071 1099 
Item 
Basal flows to duodenum, g/d 
Total essential AA (EAA) 1619 
Met 53 
Basal Met in duodenal digesta 
% of total EAA 3.3 
Estimated Met deficiency, g/d >24 
Estimated Met requirement % of total EAA 
in duodenal digesta >5.0 
1 From Pisulewski et al. (35). 
2 It was assumed in calculation that infused Lys had an intestinal 
digestibility of 100% and that microbial and RUP AA have an availability 
of 80%. Therefore, the amounts of Met required from microbial and RUP 
sources to meet the deficiencies of 24 g/d would be 30 g/d. 
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TABLE 14. Summary of Lys and Met requirements estimated using the several 
different approaches. 
Approach Methionine Lysine 
Factorial 
Cornell Net Carbohydrate and 
Protein System (16) 
Indirect dose-response curves 
Rulquin et al. (20) 
New Hampshire dose-response curves 
Cornell Net Carbohydrate and 
Protein System dose-response curves 
New Hampshire dose-response curves 
Cornell Net Carbohydrate and 













Direct dose-response curves 
Rulquin et al. (45) 
Schwab et al. (53) 









Unable to determine. 
The requirement was calculated in a similar manner as Rulquin et 
The experiment was not designed to obtain this requirement. 
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Figure 1. Relationship between milk protein content response and Lys 
content of duodenal digesta. Relationship can be described as milk 
protein content response = .3886x - .01143x - 3.239, R2 = .90, where x = 
Lys content of duodenal digesta. Responses are in relation to Lys content 
of duodenal digesta = 15% of essential AA (EAA). Flow of EAA to duodenum 
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Figure 2. Relationship between milk, protein yield response and Lys content 
of duodenal digesta. Relationship can be described as milk protein yield 
response = 121.3x - . 1274x - 1398, R = .66, where x = Lys content of 
duodenal digesta. Responses are in relation to Lys content of duodenal 
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Figure 3. Relationship between milk protein content response and Met 
content of duodenal digesta. Relationship can be described as milk 
protein content response = .2446x - .01989x - .7278 R2 = .32, where x = 
Met content of duodenal digesta. Responses are in relation to Met content 
of duodenal digesta = 5% of EAA. Flow of EAA to duodenum predicted by the 
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Figure 4. Relationship between milk protein yield response and Met content 
of duodenal digesta. Relationship can be described as milk protein yield 
response = 93.08x - 8.019x2 - 259.4, R2 = .13, where x = Met content of 
duodenal digesta. Responses are in relation to Met content of duodenal 
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Figure 5. Relationship between milk protein content response and Met 
content of duodenal digesta when data base was restricted to include only 
treatment means where estimated Lys content of duodenal digesta exceeded 
14.4% of EAA. Relationship? can be described as milk protein content 
response = .1275x - . 00079x - .5404, R2 = .67, where x = Met content of 
duodenal digesta. Responses are in relation to Met content of duodenal 
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Figure 6. Relationship between milk protein yield response and Met content 
of duodenal digesta when data base was restricted to include only 
treatment means where estimated Lys content of duodenal digesta exceeded 
14.4% of EAA. Relationship can be described as milk protein yield 
response = 63.34x - .6375x3 - 229.9, R2 = .25, where x = Met content of 
duodenal digesta. Responses are in relation to Met content of duodenal 
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Figure 7. Relationship between milk protein content response and Lys 
ontent of duodenal digesta. Relationship can be described as milk protein 
content response = .3010x - .00035x3 - 3.330, R2 = .88, where x = Lys 
content of duodenal digesta. Responses are in relation to Lys content of 
duodenal digesta = 15% of EAA. Flow of EAA to duodenum predicted by the 
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Figure 8. Relationship between milk protein yield response and Lys content 
of duodenal digesta. Relationship can be described as milk protein yield 
response = 197.7x - .2145x3 - 2243, R2 = .70, where x = Lys content of 
duodenal digesta. Responses are in relation to Lys content of duodenal 
digesta = 15% of EAA. Flow of EAA to duodenum predicted by the Cornell 
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Figure 9. Relationship between milk protein content response and Met 
content of duodenal digesta. Relationship can be described as milk protein 
content response = . 2103x - . 0017x - .840, R = .32, where x = Met content 
of duodenal digesta. Responses are in relation to Met content of duodenal 
digesta = 5% of EAA. Flow of EAA to duodenum predicted by the Cornell Net 
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Figure 10. Relationship between milk protein yield response and Met 
content of duodenal digesta. Relationship can be described as milk protein 
yield response = 12.49(x) - 64.080, R2 = .07, where x = Met content of 
duodenal digesta. Responses are in relation to Met content of duodenal 
digesta = 5% of EAA. Flow of EAA to duodenum predicted by the Cornell Net 
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Figure 11. Relationship between milk protein content response and Met 
content of duodenal digesta when data base was restricted to include only 
treatment means where estimated Lys content of duodenal digesta exceeded 
14.9% of EAA. Relationship can be described as milk protein content 
response = .1275x - .00079x3 - .5404, R2 = .67, where x = Met content of 
duodenal digesta. Responses are in relation to Met content of duodenal 
digesta = 5% of EAA. Flow of EAA to duodenum predicted by the Cornell Net 
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Figure 12. Relationship between milk protein yield response and Met 
content of duodenal digesta when data base was restricted to include only 
treatment means where estimated Lys content of duodenal digesta exceeded 
14.9% of EAA. Relationship can be described as milk protein yield response 
= .2788x - 35.83, R = .25, where x = Met content of duodenal digesta. 
Responses are in relation to Met content of duodenal digesta = 5% of EAA. 
Flow of EAA to duodenum predicted by the Cornell Net Carbohydrate and 
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CHAPTER II 
EXTENT OF METHIONINE LIMITATION IN PEAX AND EARLY LACTATION DAIRY COWS 
Abstract 
Five multiparous Holstein cows with ruminal and duodenal cannulas 
were assigned to 5 x 5 Latin squares at wk 2 (Experiment 1) and wk 11 to 
13 postpartum (Experiment 2) to determine, in the presence of supplemental 
Lys, the extent of Met limitation and its required contribution to total 
essential AA in duodenal digesta. Treatments consisted of 10 g/d of L-Lys 
plus 0, 3.5, 7.0, 10.5, or 16.0 g/d of DL-Met and were infused into the 
duodenum of the cows. Diets were corn-based (corn and grass-legume 
silages, alfalfa hay, corn meal, soybean meal, raw soybeans, blood meal, 
and tallow) and appeared most limiting in Met. By using measurements of 
AA flow to the duodenum and assumed intestinal availabilities of 100% for 
infused Lys and Met and 80% for microbial and RUP, calculated 
contributions of Lys to total essential AA in duodenal digesta for the 
negative control treatments were 15.1 and 15.6% for Experiments 1 and 2, 
respectively. Contributions of Met to total essential AA were 4.4, 4.6, 
4.9, 5.1, and 5.5% for Experiment 1, and 4.4, 4.6, 4.7, 4.9, and 5.2 for 
Experiment 2, respectively. Intake of DM increased linearly in Experiment 
1 and milk fat content and yields of milk fat and energy-corrected milk 
increased linearly in Experiment 2. Milk protein content increased 
linearly in both experiments and milk protein yield increased linearly in 
Experiment 2. The required contributions of Met to total essential AA 
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passing to the duodenum for maximal milk protein synthesis exceeded 5.5 
and 5.2% for Experiments 1 and 2, respectively. 
(Key words: methionine limitation, methionine requirements, lactating 
cows) 
Abbreviation key: EAA = essential AA, ECM = energy-corrected milk, NSC = 
nonstructural carbohydrates, VLDL = very low density lipoprotein. 
. Introduction 
Optimizing the balance of essential AA (EAA) as well as the balance 
of total EAA to nonspecific N is fundamental to maximizing lactational 
performance with minimal dietary protein. Realizing this goal should 
reduce urinary N output per unit of milk produced as well as spare 
metabolic energy for milk production or other body functions. Fine tuning 
of diets with respect to AA will require knowledge of the cow's 
requirements and the ability to formulate diets that provide a balanced 
quantity of absorbable AA. Presently, the literature on determining AA 
requirements of lactating dairy cows is extremely limited. 
Research identifies Lys and Met as the first two limiting AA when 
corn based diets are fed (16, 20, 22), and demonstrate that milk protein 
percentage is the most sensitive of the production responses to 
alterations in supply of Lys and Met (18, 19, 24). Furthermore, the 
casein fraction of milk protein is most affected by alterations in Lys and 
Met content of duodenal digesta (4, 6, 12, 15). The sequence of AA 
limitation has not been elucidated beyond determining that Lys and Met are 
most limiting when corn-based diets are fed. 
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Progress has been made toward the determination of Lys requirements 
of lactating dairy cows fed corn-based diets. By postruminally infusing 
incremental amounts of Lys, Rulquin et al. (17) determined that both 
content and yield of milk protein plateaued when Lys comprised 14.9 and 
14.8% of total EAA in duodenal digesta of midlactation cows fed diets 
containing 13.3 and 15.1% CP, respectively. Schwab et al. (21) confirmed 
these results; yield and content of milk protein plateaued when Lys 
contributed 15.2, 13.9, and 14.5% of total EAA in duodenal digesta for 
peak, post-peak and midlactation cows fed diets containing 17.3, 14.4, and 
14.1 % CP, respectively. These two studies indicate that Lys must 
constitute 14 to 15% of total EAA in duodenal digesta (mean of 5 
experiments was 14.7%) for maximum content and yield of milk protein when 
cows are fed corn-based diets. This first approximation of a Lys 
"requirement", expressed on the basis of profiles, probably 
underestimates the true Lys requirement; some EAA undoubtedly were 
supplied in excess relative to need while the supply of others may have 
become deficient as additional Lys was supplied, thereby limiting the 
response to additional Lys. Therefore, a more precise estimate of the Lys 
requirement cannot be obtained using the empirical, dose-response 
approach, without knowledge of requirements for other EAA. 
The principal objective of this study was to determine, in the 
presence of supplemental Lys, the dose-response relationships between 
contributions of Met to total EAA in duodenal digesta and milk protein 
production during peak and early lactation, and from those relationships, 
identify the Met requirements. 
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Materials and Methods 
Exper* a1 Design and Treatments 
Two 5X5 Latin square experiments were conducted during peak 
(Experiment 1) and early (Experiment 2) lactation, each using the same 
five multiparous Holstein cows. At 6 to 8 wk prepartum, cows were fitted 
surgically with a plastisol, 10.2-cm ruminal cannula (Bar Diamond, Inc., 
Parma, ID) and a plastisol, closed flange T-shaped duodenal cannula 
(provided by J. H. Herbein, Virginia Tech, Blacksburg). Animals were 
sedated with intravenous xylazine (.02 mg/kg of BW) and butorphenol (.01 
mg/kg of BW), and the cannulation surgeries were conducted with the 
animals standing. An inverted L-block was completed with 200-300 ml of 2% 
lidocaine hydrochloride plus epinephrine prior to the 20-cm vertical 
incision. The 20-cm vertical incision was made starting approximately 10 
cm below the transverse processes, just caudal to the last rib. The 
pylorus was located and exteriorized. The duodenal cannula was inserted 
proximal to the pancreatic and bile duct, approximately 10 cm distal to 
the pylorus. The intestine was internalized, allowed to reassume its 
natural position, and the duodenal cannula was exteriorized usually in the 
tenth intercostal space at the level of the costochondral junction and 
positioned with the barrel of the cannula ascending. Cannulas were 
immobilized with a soft, plastisol, external o-ring for 2 to 3 wk to 
ensure adhesion to the body wall. Ruminal cannulas were inserted 
immediately following the duodenal cannulation. Total surgical time was 
2 to 3 h. All procedures related to animal care were conducted with the 
approval of the University of New Hampshire Institutional Animal Care and 
Use Committee. 
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Cows were assigned to Experiment 1 at similar stages of lactation 
(10 to 15 d postpartum) with range in parturition dates of 21 d; the same 
cows were assigned to treatments in Experiment 2 on the same calendar date 
(11 to 13 wk postpartum). Each period of the Latin square was 8 d in 
duration. Cows were allowed 3 d to adapt to the new infusate, and milk 
weights and samples were collected on d 4 to 8 of each period. Equations 
developed by Socha and Schwab (24) were used to determine quantities of 
Lys and Met to be infused to achieve a Lys concentration in duodenal 
digesta of 15.0% of EAA and a maximum Met concentration in duodenal 
digesta of 5.6% of EAA; the five treatments in each experiment were 10 
g/d of L-Lys plus 0, 3.5, 7.0, 10.5, or 16.0 g/d of DL-Met infused into 
the duodenum via the duodenal cannula. Amino acids were dissolved daily 
in 4 L of tap water. Solutions were infused continuously by using two, 
four-channel peristaltic pumps (Haake Buchler Instruments, Inc., 
Saddlebrook, NJ). 
Feeding and Management of Cows 
Diets were formulated to meet or slightly exceed all nutrient 
requirements for lactating dairy cows (13), and fed as a TMR (Table 1). 
Cows started receiving the experimental diets 10 d prior to each 
experiment. Diets were prepared by weighing each ingredient and blending 
in a drum-type mixer (Data Ranger; American Calan, Inc., Northwood, NH). 
The alfalfa hay was chopped prior to incorporation into the TMR by using 
a bale chopper (Model 6-90, Wic, Inc., Johnson, Quebec, Canada). Feed 
offered was adjusted daily to achieve 5 to 10% orts. Cows were fed 67% of 
the total daily allotment at 1600 h and the remaining 33% at 0500 h. Orts 
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were collected at 1400 h. Feed ingredients were sampled for chemical 
analysis prior to initiation of each experiment. Forage to grain ratio 
was adjusted to achieve 21% forage NOF in the diet. Amounts of corn and 
soybean meal were adjusted to achieve CP concentrations of 18.5 and 17.3% 
of DM for Experiments 1 and 2, respectively. 
Measurements. Collection and Analyses of Sampi 
Samples of orts were obtained daily during d 4 to 8 of each period, 
composited by cow, and frozen (-20°C) immediately. After each period was 
completed, orts were thawed at room temperature (21°C), dried at 60 °C for 
18 h in a convection oven, ground to pass through a 1-mm screen, and 
composited by experiment according to the amount of orts for each cow in 
each period prior to analysis. Samples of feed ingredients were collected 
weekly, dried at 60° C under 760 mm of vacuum for 24 h, ground to pass 
through a 1-mm screen, and composited across experiment. Composited feed 
ingredients and orts were analyzed for CP, NDF, ADF, ether extract, Ca, P, 
K, Mg, and S (NEDHIC, Ithaca, NY). 
Milk weights were recorded and samples collected at each milking 
during d 4 to 8 of each period. Milk samples were composited according to 
production for d 4 to 6 and d 7 to 8, preserved with 2-bromo-2-
nitropropane-1,3 diol, and analyzed for fat, CP, true protein, and SCC 
(NEDHIC, Ithaca, NY). Dry matter intake was recorded for d 4 to 8 of each 
period to correspond with milk sampling. 
Chromium oxide was used as the unabsorbable digesta flow marker for 
intestinal flow measurements. Five grams of chromium oxide were wrapped 
in filter paper (P8, Fisher, Inc., Pittsburgh, PA) and placed in the 
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ruminal mat at 0400, 1000, 1600, and 2200 h via the ruminal cannula. 
Administration began 10 d before duodenal sampling in period 1 of each 
experiment and continued daily throughout each experiment. 
Duodenal digesta samples (approximately 500 ml) were collected every 
3 h on d 1 to 3 of each period; the initial sample was frozen (-20°C) 
immediately and subsequent samples were added to the frozen composite. On 
each successive day, sampling advanced 1 h; thus, samples were taken at 1-
h intervals for a 24-h period. Digesta collected during the first 30 s 
after removing the cannula plug (generally a minimum of 200 ml) was 
discarded. At the end of each 3-d collection period, duodenal digesta was 
allowed to thaw at room temperature (21°C), and homogenized using a 3.8-L 
commercial blender (Waring Products Division, Hartford, CT). Duplicate 
samples of duodenal digesta were analyzed for DM (60 °C for 18 h in a 
convection oven) and NH3N. Samples collected for NH3N were strained 
through 59-//ta dacron mesh and frozen for analysis. A portion of duodenal 
digesta was lyophilized, and ground through a .4-mm screen. Lyophilized 
samples were ashed at 500 °C for 16 h in a muffle furnace for measurement 
of OM. Chromium content of duodenal samples was determined by using 
atomic absorption spectrophotometry (Thermo Jarrell Ash, Model Smith-
HIEFTJE12, Franklin, MA) according to the procedure of Williams et al. 
(27). Contents of ADF and N were determined according to AOAC procedures 
973.18 and 976.06 (1), respectively, and NDF content was determined by 
using the procedure of Van Soest et al. (26). Nonstructural carbohydrate 
(NSC) content of feed and duodenal samples was determined by using the 
procedure of Smith (23), modified to use ferricyanide as the colorimetric 
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indicator. Concentrations of AA were determined by using the procedure 
outlined by Cunningham et al. (5) 
Ruminal fluid (approximately 200 ml) was obtained on d 7 of each 
period at 2, 4, 6, and 10 h after the a.m. feeding. Samples were obtained 
from four different locations in the rumen by using manual vacuum applied 
through a 1.27-cm PVC pipe to minimize disturbance of the ruminal mat. 
Ruminal fluid was strained immediately through 59-fJm dacron mesh, and 40 
ml of strained fluid were added to 2.4 ml of 6N HCl and frozen for NH3N 
analysis. Strained ruminal fluid collected for VFA analysis (1 ml/sample) 
was composited by cow across the five time periods; the initial sample 
was frozen immediately and subsequent samples were added to the frozen 
composite. The samples were thawed and analyzed via a Hewlett-Packard 
model 5880 gas chromatograph (Hewlett-Packard Co., Boise, ID) following 
the procedure of Erwin et al. (8), modified to use cyclohexanone as an 
internal standard. The cyclohexanone was added to samples acidified with 
25% metaphosphoric acid, prior to injection. Ruminal fluid and duodenal 
digesta were analyzed for NH3N using a gas-ammonium electrode (Orion model 
407A meter with 95-12 electrode; Orion Research, Inc., Boston, MA). 
Blood samples were obtained by venipuncture of the coccygeal vein at 
approximately 2 h after the a.m. feeding on d 7 and 8 of each period. 
Blood was collected into one 10-ml evacuated tube containing no additive 
and one 10-ml evacuated tube containing sodium heparin and 4% sodium 
fluoride (Vacutainer®, Becton Dickinson, Rutherford, NJ). Tubes 
containing the anticoagulant were placed in an ice bath until centrifuged 
at 3300 x a for 20 min at 4 °C. One aliquot of plasma was removed and 
frozen (-20 °C) for glucose and NEFA analyses. A second aliquot was 
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deproteinized; four volumes were vortexed with one volume of 15% 
sulfosalicylic acid, centrifuged at 3300 x g for 20 min at 4 °C, and the 
supernatant frozen for BHBA analysis. Blood in tubes containing no 
additive was allowed to clot at room temperature (15 to 21 °C), centrifuged 
(3300 x g for 20 min), and the serum frozen. Plasma samples were thawed 
at 5 °C and analyzed for glucose (Sigma kit Trinder 500, Sigma Chemical 
Co., St. Louis, MO) and NEFA concentrations (WAKO NEFA C kit, WAKO 
Chemicals USA, Inc., Richmond, VA). Deproteinized plasma and serum 
samples were thawed at 5°C and analyzed for concentrations of BHBA (9) and 
urea (Sigma kit 640, Sigma Chemical Co., St. Louis, MO). 
Statistical Analysis and Calculations 
Repeated measurements (i.e., milk production, milk composition, 
ruminal ammonia, etc.) were reduced to period means for each cow prior to 
analysis. Data were analyzed by ANOVA for a 5 x 5 Latin square design 
using the Modell statement of Harvey's LSMLMW PC-1 Version (11). This 
program automatically computes orthogonal polynomials for treatment levels 
that are not spaced equally. Sources of variation were cow, period, and 
treatment (partitioned into linear, quadratic and residual). Linear and 
quadratic responses with P < .05 were considered to be statistically 
significant. There were no missing observations. 
Results 
Chemical Composition of Diets 
The ingredient and chemical composition of the diets are shown in 
Tables 1 and 2. Chemical composition of the consumed diet was calculated 
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from chemical components measured in each ingredient, and subtracting the 
amount of corresponding components in orts from the total amounts offered. 
Concentrations of RUP in the diets were calculated by using NRC (13) 
values for feed ingredients. Based upon average production and intakes 
(Table 3), cows consumed averages of 105, 117, and 109% of NRC (13) 
recommendations for CP, RUP, and RDP in Experiment 1 and 117, 130, and 
118% in Experiment 2. Corn sources (silage and grain) supplied 32 and 38% 
of dietary RUP in Experiments 1 and 2, respectively; soybean meal, raw 
soybeans, and blood meal supplied 52 and 45%. Concentrations of ADF in 
the diets (15.3 and 14.8 % of DM) were lower than the NRC (13) recommended 
minimum level of 19%. 
Lactation and Dry Matter Intake Responses 
Lactation and DMI responses for the two experiments are given in 
Table 3. Experiment 1 began 2 wk postpartum and continued for 40 d for 
each cow. Milk fat content and yield of milk, FCM, energy-corrected milk 
(ECM), and milk fat were not affected by level of infused Met. Milk CP 
content increased linearly and paralleled increases in milk true protein 
content. Yield of milk CP and true protein tended to increase with 
increasing levels of infused Met. The lack of significance (P < .05) can 
be attributed partially to milk yield being highest when either 0 or 16.0 
g/d of Met was infused (40.6 and 40.9 kg/d, respectively) and lowest when 
3.5 or 10.5 g/d of Met was infused (39.0 and 39.3 kg/d, respectively), 
thereby diminishing the impact of the linear increase in content of milk 
protein. Milk SCC responded quadratically. Conversion of DM to ECM 
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decreased linearly, reflecting a linear increase in DMI and no effect of 
treatment on yield of ECM. 
Experiment 2 began 11 to 13 wk postpartum and continued for 40 d. 
Milk yield and DMI were not affected by treatment (Table 3). Increasing 
the amounts of infused Met resulted in linear increases in fat, and crude 
and true protein content of milk. As with Experiment 1, the increase in 
milk CP content is attributed to an increase in the true protein fraction. 
The linear increase in protein and fat contents of milk were reflected by 
increased yields of CP, true protein, and ECM. Fat-corrected milk 
increased from 39.4 kg/d when 0 g/d of Met were infused to 42.0 kg/d when 
16.0 g/d of Met were infused. Milk crude and true protein content 
responses also were quadratic. Milk SCC response tended to be quadratic, 
although SCC response in Experiment 2 was highest when 7.0 g/d of Met were 
infused, while in Experiment 1, SCC was lowest when 7.0 g/d of Met were 
infused. Conversion of DM to ECM, and dietary plus infused N to milk N, 
were not affected by infusion of Met. 
Blood Metabolites 
Plasma NEFA concentrations decreased linearly in Experiment 1 with 
increasing levels of infused Met, indicating either a reduction in fat 
mobilization or an increase in uptake of NEFA by liver or peripheral 
tissue (Table 4). In contrast, plasma glucose and BHBA, and serum urea 
were not affected by treatment. In Experiment 2, plasma BHBA levels 
increased linearly in response to incremental levels of infused Met. 
Plasma glucose was not affected by treatment. Plasma NEFA declined from 
117.7 ueq/1 when 0 g/d of Met were infused to 63.4 ueq/1 when 7.0 g/d of 
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Met were infused and then increased to 89.4 ueq/1 when 16.0 g/d of Met 
were infused. The increase in plasma NEFA concentrations with 16.0 g/d of 
infused Met may be the result of increased lipid metabolism as cows 
produced more ECM per kilogram of DM with this treatment than with the 
other four treatments. There was no effect of treatment on serum urea. 
Riim-j nal and Duodenal MpannrpmentB 
There was no effect of infused Met on ruminal or duodenal 
measurements. Hence, treatment means were combined and are presented in 
Table 5. Average ruminal pH was 6.12 and 6.30 in Experiments 1 and 2, 
respectively, indicating that the low ADF concentrations in the consumed 
ration did not result in ruminal acidosis; the desirable ruminal 
acetate:propionate ratios of 2.6:1 and high concentrations of milk fat 
(Table 3) corroborate these findings. Ruminal ammonia concentrations were 
above 5.0 mg/dl, indicating fiber digestion was not limited by rumen 
ammonia levels. Duodenal pH was 3.15 and 2.87, indicating there was very 
little, if any, contamination of samples by bile and pancreatic 
secretions. 
Intake and Passage of AA to the niirwtennm 
Intake and passage of nutrients to the duodenum were not affected by 
treatment; therefore, only experiment means are presented (Tables 6, 7, 
and 8). Estimates of OM flow to the duodenum that exceeded OM intake by 
10% or more were not used to determine nutrient passage to the duodenum 
(samples discarded were primarily from 1 cow). Only apparent 
digestibilities of OM, NDF, ADF, and NSC are presented because ruminal 
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bacteria were not isolated and analyzed to assess microbial passage to the 
small intestine (Table 6). Means by experiment for AA intake and passage 
to the duodenum are given in Tables 7 and 8. Flow of AA to the duodenum 
was high in Experiment 2, which can be attributed partially to the high 
DMI (avg. 25.6 kg/d). It may also be attributed in part to problems in 
determining the Cr content of duodenal digesta. Samples were different 
shades of green after digestion, indicating variable and incomplete 
conversions of Cr to a soluble form. Incomplete recovery of Cr during 
analysis would result in low Cr values, thus inflating flow of OM to the 
duodenum. 
Contributions of Lys and Met to total EAA in duodenal digesta were 
14.4 and 4.4%, respectively, for the basal diet in Experiment 1 and 15.2 
and 4.4% in Experiment 2 (Table 8). By using measurements of AA flow to 
the duodenum and assumed intestinal availabilities of 100% for infused Lys 
and Met and 80% for microbial and RUP, the additional 10 g of infused Lys 
increased Lys content of duodenal digesta to 15.1 and 15.6% of EAA for 
Experiments 1 and 2, respectively. The relative proportions of Met in 
duodenal digesta as a result of infusates were 4.4, 4.6, 4.9, 5.1 and 5.5% 
of EAA for Experiment 1 and 4.4, 4.6, 4.7, 4.9, and 5.2% of EAA for 
Experiment 2. 
Discussion 
Determining Methionine Requirements 
In order to determine the optimum distribution of absorbable EAA in 
duodenal digesta using the empirical, dose-response approach, requirements 
for all EAA must be determined. As part of the initial step, the primary 
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objective of our experiments was to obtain estimates of the required level 
of Met in total EAA of duodenal digesta for maximum synthesis of milk 
protein. A basal level of Lys was infused along with the graded levels of 
Met to meet Lys requirements as determined by Rulquin et al. (17) and 
Schwab et al. (21) and to ensure that Met was first limiting. Similar to 
the approach of Rulquin et al. (17) and Schwab et al. (21), no attempt was 
made to determine differences in intestinal availability of individual EAA 
among sources of metabolizable protein. Recent reviews of studies in 
which Met, Lys, or both were either infused postruminally or fed in rumen-
stable form indicated that milk protein content and yield are more 
sensitive than milk yield to short term alterations in Met and Lys content 
of duodenal digesta (18, 19, 24) and were, therefore, chosen as our 
response criteria. 
In Experiment 1, the lack of a significant quadratic effect or a 
trend for a quadratic response in content or yield of milk protein, and 
the linear increase in content of milk true protein and the trend for a 
linear increase in yield of milk true protein, suggests that the Met 
requirement for maximal synthesis of milk protein was not met when 16 g/d 
of Met were infused postruminally (Figure 1). By using measurements of 
duodenal AA flow and assumed intestinal availabilities of 100% for infused 
Met and Lys and 80% for microbial and RUP, we conclude that the required 
contribution of Met to total EAA passing to the duodenum for maximum 
synthesis of milk protein in this experiment exceeded 5.5%. 
A linear relationship also was found between incremental levels of 
infused Met and content and yield of milk true protein in Experiment 2. 
In addition, a quadratic relationship was found between level of infused 
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Met and milk protein content, indicating diminishing responses in protein 
content of milk with additional Met (Figure 1). By using the derivative 
of the equation to predict content of milk true protein from amount of 
infused Met and setting it equal to zero, we determined that a local 
maximum occurred when 17.0 g/d of Met were infused. From measured flows 
of AA to the duodenum, and making the same assumptions regarding 
intestinal availabilities of AA as in Experiment 1, the required 
contribution of Met to total EAA passing to the duodenum for maximum 
synthesis of milk true protein was calculated to be 5.3%. However, 17.0 
g/d of supplemental Met exceeded our range for infused Met and hence, a 
more conservative estimate of the required level of Met in duodenal 
digesta to maximize milk protein synthesis is that it exceeded 5.2% of 
total EAA. Pisulewski et al. (14) obtained similar results when 
incremental amounts of Met and a basal amount of supplemental Lys, were 
infused into the duodenum of post-peak, early lactation cows. Results 
from these three studies indicate that when Lys presumably is adequate 
(15% or more of total EAA), Met must contribute more than 5.2% of total 
EAA to maximize synthesis of milk protein. 
Benefits of Improved Balance of AA in Duodenal Digesta 
The most obvious benefit of improved AA balance in duodenal digesta 
is increased synthesis of milk protein. For both of our experiments, milk 
protein yield and content increased or tended to increase as Met content 
of duodenal digesta increased. Increased milk protein content has been a 
common observation in studies in which incremental amounts of Lys and a 
basal level of Met were infused into the duodenum (17, 21) or when 
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incremental amounts of Net and a basal amount of Lys were infused into the 
duodenum (14). The increase in milk protein content appears to occur 
primarily in the casein fraction of milk protein (4, 6, 12, 15). 
Increasing the contribution of Met to total EAA in duodenal digesta 
increased DMI in Experiment 1 and had no effect on DMX in Experiment 2. 
Pisulewski et al. (14) observed no effect on DMI as incremental amounts of 
Met were infused into the duodenum of early lactation cows (4 to 16 wk 
postpartum). Dry matter intake increased when incremental amounts of Lys 
were infused into the duodenum of early and peak lactation cows, but not 
mid and late lactation cows (21). The increase in DMI in Experiment 1 
using peak lactation cows and the two infusion studies conducted by Schwab 
et al. (21) support the hypothesis that one of the benefits of improved 
balance of absorbable AA is slightly increased DMI in early lactation. 
The increase in DMI may account partially for the reduction in 
plasma NEFA, reducing the animal's need to rely on mobilized fat to meet 
energy needs. Pisulewski et al. (14) observed a linear decrease in plasma 
NEFA concentrations with graded levels of infused Met. Plasma NEFA 
concentrations of cows (9 to 21 wk postpartum) were reduced when they 
were given 23 g/d of L-Lys and 7 g/d of DL-Met in rumen-stable form (3). 
For Experiment 1, NEFA concentrations of plasma declined linearly when 
cows (2 to 8 wk postpartum) were infused postruminally with increasing 
amounts of Met (Table 4). For Experiment 2, NEFA concentrations of cows 
(11 to 19 wk postpartum) tended to respond quadratically; the lowest 
concentration of plasma NEFA was observed when 7.0 g/d of Met were 
infused. The lack of a significant reduction in plasma NEFA 
concentrations for Experiment 2 may be reflective of cows being in 
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positive energy balance (NEFA concentrations were approximately 1/3 of the 
concentrations in Experiment 1 (Table 4)), and hence, less mobilization of 
body fat. 
Improved liver function, as a result of a more favorable balance of 
AA in duodenal digesta, also may partially account for the reduction in 
plasma NEFA concentrations. Durand et al. (7) observed that rate of 
triglyceride export from the liver increased when 20 g/d of L-Lys and 10 
g/d of DL-Met were infused into the mesenteric vein of two early lactation 
dairy cows fed a conventional corn-based diet. Cows were fitted 
surgically with chronic catheters implanted in the hepatic, portal, and 
mesenteric veins and mesenteric artery. Hepatic balance of very low 
density lipoproteins (VLDL) was negative (-4 g/h) prior to infusion of Lys 
and Met, positive (+8 g/h) when Lys and Met were infused, and then became 
negative again (-16 g/h) after AA infusions were terminated (7). Whether 
Lys, Met, or both, facilitated hepatic secretion of triglyceride rich-
lipoproteins is not known. Methionine may be the limiting factor for the 
hepatic synthesis of apo B100-VLDL (3) and phospholipids (25). 
The preliminary study by Durand et al. (7) suggests that optimizing 
Lys and Met nutrition will reduce hepatic lipid infiltration in the early 
lactation dairy cow. Grummer et al. (10) noted that strategies to 
increase the rate of triglyceride export by ruminant liver may be 
effective management of blood NEFA levels and aid in prevention of fatty 
liver and ketosis. It should be noted that the required contribution of 
Met to total EAA in duodenal digesta for maximum synthesis of milk protein 
appeared to be higher (> 5.5 vs. 5.2% of total EAA, respectively) for cows 
in Experiment 1 than for those in Experiment 2. Similarly, of the five 
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estimates for Lys requirements (14.9, 14.8, 15.2, 13.9, and 14.5% of total 
EAA) (16, 21), the highest estimate was obtained when cows were at peak 
lactation (4 to 8 wk postpartum) (21). These observations may be a result 
of a better intestinal balance of the other EAA for cows in the earliest 
stages of lactation, or they may reflect higher Lys and Met requirements 
due to more energy being derived from fat in the weeks immediately 
following calving. 
Conclusions 
Results from two infusion studies indicate that Met must contribute 
more than 5.5 and 5.2% of total EAA in duodenal digesta for maximum 
synthesis of milk protein in peak (2 to 8 wk postpartum) and post-peak, 
early lactation (11 to 19 wk postpartum) cows. These results are 
consistent with the observation of Pisulewski et al. (14) that Met must 
exceed 5.1% of total EAA in duodenal digesta when post-peak, early 
lactation Holstein cows (4 to 16 wk postpartum) are fed corn-based diets. 
The higher requirement for Met in the earlier stages of lactation may 
reflect a greater need for Met, due to its role in lipid metabolism. 
Clearly, more research is needed to determine Met requirements and to 
elucidate the next limiting AA and their requirements to ensure that they 
are not limiting the response to infused Met. 
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Corn, ground shelled 
Soybean meal, solvent 
Raw soybeans, cracked 
Mineral-vitamin mix 
Blood meal, ring-dried 
Pat6 
Experiment 










1 Treated at ensiling with .5% urea. Expt. 
1: contained 38.6% DM, 50.0% NDF, 28.0% ADF, and 
9.8% CP; Expt. 2: contained 32.1% DM, 50.0% NDF, 
29.2% ADF, and 10.6% CP. 
2 Expt. 1: contained 89.4% DM, 49.0% NDF, 
36.3% ADF, and 17.0% CP; Expt. 2: contained 
89.8% DM, 43.6% NDF, 32% ADF, and 18.9% CP. 
3 Expt. 1: contained 39.5% DM, 53.8% NDF, 
32.4% ADF, and 17.7% CP; Expt. 2: contained 
33.5% DM, 55.0% NDF, 32.5% ADF, and 17.1% CP. 
4 Mineral-vitamin composition (% of DM): 
15.5% Ca, 5.6% P, 4.6% Mg, 1.5% K, 2.1% S, .2% 
Zn, .13% Mn, .04% Cu, .23% Fe, .0025% I, .0041% 
Co, .0013% Se, 29510 IU/kg of vitamin A, 9443 
IU/kg of vitamin D, 94 IU/kg of vitamin E. 
5 Alifet™(Alifet USA,Inc.,Cincinnati,OH). 
TABLE 2. Chemical composition of consumed diets, 
% of DM. 
Experiment 
Chemical component 1 2 
OM, % 91.4 92.3 
CP, % 18.6 17.4 
RUP,1 % 7.3 6.6 
NEl, Mcal/kg of DM 1.74 1.74 
ADF, « 15.3 14.8 
NDF, % 25.7 25.4 
Forage NDF, % 20.3 20.2 
NSC, % 43.0 43.3 
Ca, % .92 .92 
P, % .52 .53 
Mg, % .35 .35 
S, % .28 .28 
K, « 1.36 1.32 
AA, % 
Arg .91 .82 
His .43 .38 
lie .59 .53 
Leu 1.47 1.34 
Lys .88 .76 
Met .22 .19 
Phe .80 .71 
Thr .64 .56 
Val .84 .75 
Ala .92 .86 
Asp 1.56 1.40 
Cys .23 .22 
Glu 2.42 2.21 
Gly .67 .61 
Pro .96 .92 




Total EAA 6.77 6.05 
Total NEAA2' 3 8.11 7.43 
Total AA 14.89 13.49 
1 Calculated from NRC (13). 
2 EAA = essential AA, NEAA = nonessential 
AA. 
3 Includes Ala, Asp, Cys, Glu, Gly, Pro, 
Ser, and Tyr. 
TABLE 3. Dry matter intake and milk production responses of peak and early lactation cows 












16.Og Met SE1 Effec 
Experiment 1 (peak lactation) 
DMI, kg/d 20.7 20.6 21.0 21.7 22.0 .7 L 
Milk, kg/d 40.6 39.0 40.1 39.3 40.9 .7 • • i 
3.5% FCM, kg/d 44.4 42.6 43.9 43.1 44.6 1.0 • • < 
ECM,3 kg/d 43.6 41.9 43.5 42.4 44.3 1.0 • • • 
Milk component yield 
CP, g/d 1226 1184 1262 1210 1310 33 • • ' 
True protein, g/d 1146 1108 1184 1134 1228 31 • • • 
Fat, g/d 1657 1588 1641 1609 1657 51 • • • 
Milk composition 
CP, % 3.04 3.06 3.17 3.13 3.22 .03 L 
True protein, % 2.84 2.87 2.97 2.94 3.02 .03 L 
Fat, % 4.11 4.10 4.12 4.23 4.08 .10 . .  
SCC, x 1000 21.6 50.3 91.6 66.3 20.6 26.7 Q 
ECM/DMI 2.17 2.08 2.10 1.99 2.03 .06 L 
Milk N/N intake4 .321 .308 .323 .298 .320 .007 • • i 
TABLE 3 (cont.). Dry matter intake and milk production responses of peak and early 












16.Og Met SE1 Effects2 
Experiment 2 (early lactation) 
DMI, kg/d 25.4 25.1 25.8 26.0 25.9 .3 • • • 
Milk, kg/d 38.2 38.3 38.5 38.2 38.2 .4 • • • 
3.5% FCM, kg/d 39.4 40.1 40.0 40.4 42.0 .8 • • • 
ECM, kg/d 39.5 40.3 40.3 40.7 42.0 .7 L 
Milk component yield 
CP, g/d 1214 1246 1262 1264 1276 15 L 
True protein, g/d 1138 1162 1184 1180 1196 15 L 
Fat, g/d 1414 1454 1439 1472 1572 45 L 
Milk composition 
CP, % 3.20 3.28 3.30 3.34 3.37 .02 L, Q 
True protein, % 3.00 3.07 3.09 3.13 3.15 .01 L, Q 
Fat, % 3.73 3.86 3.78 3.91 4.15 .11 L 
SCC, x 1000 53.3 32.1 27.6 40.6 57.6 12.1 • • • 
ECM/DMI 1.56 1.61 1.57 1.57 1.62 .03 • • • 
Milk N/N intake .276 .285 .281 .280 .282 .004 
1 Standard error of the mean, n = 5. 
2 L = significant linear effect, P < .05, 
Q = significant quadratic effect, P < .05. 
3 Energy corrected milk, 3.5% fat and 3.2% protein = (.327 x kg milk) + (12.95 x kg 
fat) + (7.2 x kg protein). 
4 Kilograms of milk N per kg of N intake (dietary + infused). ^ 
a\ 
TABLE 4. Blood metabolite concentrations of peak and early lactation cows receiving Met and 





lOg Lys lOg Lys 




16.Og Met SE1 Effects2 
Experiment 1 (peak lactation) 
Plasma metabolites 
Glucose, mg/dl 66.8 67.6 65.2 70.6 72.3 3.9 . . .  
NEFA, ueq/L 331.1 279.1 265.7 204.9 252.3 37.8 L 
BHBA, mg/dl 4.8 4.3 4.7 4.7 5.2 .5 
Serum urea, mg/dl 18.0 15.2 17.8 15.4 16.3 .8 . . .  
Experiment 2 (early lactation) 
Plasma metabolites 
Glucose, mg/dl 55.0 70.3 65.3 64.6 64.2 3.2 • .  •  
NEFA, ueq/L 117.7 86.7 63.4 76.0 89.4 27.2 •  •  •  
BHBA, mg/dl 3.6 3.9 5.0 5.2 5.2 .4 L 
Serum urea, mg/dl 14.9 15.5 14.3 16.0 13.4 .7 
1 Standard error of the mean, n = 5. 
2 L = significant linear effect, P < .05, 
Q = significant quadratic effect, P < .05. 
TABLE 5. Ruminal pH and anunonia and VFA concentrations, and 





pH 6.12 6.30 
Ammonia, mg/dl 12.6 7.9 
VFA, mM 
Acetate (A) 73.9 71.4 
Propionate (P) 28.5 27.2 
A:P Ratio 2.6 2.6 
Isobutyrate 2.2 2.2 
Butyrate 14.0 13.3 
Isovalerate 2.1 2.0 
Valerate 1.6 1.8 
Duodenal 
pH 3.15 2.87 
Ammonia, mg/dl 6.5 6.6 
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TABLE 6. Experimental means for intake, apparent digestibility, and 
passage of OM, nitrogenous compounds, fiber fractions, non­
structural carbohydrates, and total AA to the duodenum of peak and 




Intake, kg/d 19.5 
Flow to duodenum, kg/d 16.7 












Flow to duodenum, kg/d 








Intake, kg/d 3.3 
Flow to duodenum, kg/d 2.1 





Intake, kg/d 9.2 
Flow to duodenum, kg/d 4.9 
Apparent ruminal digestibility, % 46.8 
11.3 









1 Non-structural carbohydrates. 
Table 7. Experimental means for intake and flow of AA to the 
duodenum of peak and early lactation cows. 





Arg 194 210 179 249 
His 91 97 93 121 
lie 125 137 155 211 
Leu 312 346 358 463 
Lys 186 197 246 348 
Met 46 50 75 101 
Phe 170 183 189 244 
Thr 136 144 190 238 
Val 178 193 221 315 
Total 1436 1556 1705 2289 
Nonessential 
Ala 195 222 255 327 
Asp 332 360 389 495 
Cys 50 57 57 29 
Glu 514 569 541 688 
Gly 143 158 196 262 
Pro 203 238 189 245 
Ser 163 176 195 245 
Tyr 120 130 162 209 
Total 1720 1910 1984 2500 
Total AA 3156 3466 3689 4789 
1 Flow of AA to the duodenum do not include contributions of 
infusates. 
TABLE 8. Experimental means for profiles of essential AA (EAA) in 
dietary RUP and duodenal digesta of peak and early lactation cows. 
Ration RUP1, Duodenal digesta , 
ExDeriment ExDeriment 
AA 1 2 1 2 
(% of total EAA) 
Arg 12.7 . 12.8 10.5 10.9 
His 6.8 6.7 5.5 5.3 
lie 7.8 8.1 9.1 9.2 
Leu 22.5 23.0 21.0 20.2 
Lys 13.0 12.5 14.4 15.2 
Met 3.3 3.3 4.4 4.4 
Phe 11.9 11.8 11.1 10.7 
Thr 9.3 9.3 11.1 10.4 
Val 12.6 12.5 13.0 13.8 
1 Calculated using RUP values from NRC (14) for each of the 
feedstuffs and AA values for each of the feedstuffs from analysis. 
2 Amino acids in duodenal digesta do not include contributions 
of infusates. 
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EXPERIMENT 1 EXPERIMENT 2 
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FIGURE 1. Effect of Incremental amounts of duodenally infused Met on content 
and yield of milk true protein of peak (Experiment 1) and early (Experiment 2) 
lactation cows. 
CHAPTER III 
EXTENT OF METHIONINE LIMITATION IN MIDLACTATION COWS 
Abstract 
Five multiparous Holstein cows with ruminal and duodenal cannulas 
were assigned to a 5 x 5 Latin square at 17 to 19 wk postpartum to 
determine, in the presence of supplemental Lys, the extent of Met 
limitation and its required contribution to total essential AA in duodenal 
digesta. Treatments were continuous infusions into the duodenum of 8 g/d 
of L-Lys plus 0, 5, 10, 15, or 20 g/d of DL-Met. Diets were corn-based 
(corn and grass-legume silages, alfalfa hay, corn meal, soybean meal, 
cracked raw soybeans, blood meal, and tallow) and appeared to be most 
limiting in Met. Lysine content of duodenal digesta for the negative 
control (including infused Lys) was calculated to be 15.2% of total EAA. 
Calculated contributions of 0, 5, 10, 15, and 20 g/d Met to total 
essential AA were 4.4, 4.7, 4.9, 5.2, and 5.4%, respectively. Plasma NEFA 
response was quadratic; the lowest plasma NEFA concentrations were 
observed when 10 g/d of Met were infused. Milk protein content increased 
linearly, but milk yield declined linearly with increasing levels of 
infused Met; hence, milk protein yield was unaffected by treatment. This 
experiment indicates that the required level of Met in duodenal digesta 
for maximizing yield of milk protein is lower than the level required for 
maximizing milk protein content. 




Abbreviation key: EAA = essential AA, ECM = energy-corrected milk, NSC = 
nonstructural carbohydrates, RS-Met = rumen-stable Met, VLDL = very low 
density lipoproteins. 
Introduction 
By increasing postruminal supplies of Lys in graded fashion while 
measuring AA flows to the duodenum, Rulquin et al. (10) and Schwab et al. 
(12) observed that Lys must constitute 14 to 15% of total EAA in duodenal 
digesta (mean of 5 experiments was 14.7%) for maximum synthesis of milk 
protein when cows are fed corn-based diets. As described by Socha et al. 
(15), this first approximation of the Lys "requirement", expressed on the 
basis of profiles, probably underestimates the true Lys requirement. 
Moreover, only one experiment (12) was conducted with cows during the 
first 14 wk of lactation. A more precise estimate of the Lys requirement 
cannot be obtained without knowledge of requirements for the other EAA. 
Socha et al. (15) conducted two experiments to examine the Met 
requirement in peak (2 to 8 wk postpartum) and early lactation cows (11 
to 19 wk postpartum) (14) fed corn-based diets and calculated that the 
contribution of Met to total EAA in duodenal digesta that was required to 
maximize content and yield of milk protein exceeded 5.5 and 5.2% for peak 
and early lactation. In another study, Pisulewski et al.(9) determined 
the contribution of Met to total EAA in duodenal digesta that was required 
to maximize the content and yield of milk protein in early lactation cows 
(4 to 16 wk postpartum) exceeded 5.1%. In neither study (9, 15) was it 
possible to determine the amount of Met in duodenal digesta required to 
maximize milk protein synthesis. Furthermore, no attempt has been made to 
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determine the Met requirement of mid or late lactation cows. Hence, the 
objective of this study was to determine, in the presence of supplemental 
Lys, the required contribution of Met to total EAA in duodenal digesta of 
midlactation cows for maximum synthesis of milk protein. 
Materials and Methods 
Experimental Design and Treatments 
All procedures in this experiment were conducted with the approval 
of the University of New Hampshire Institutional Animal Care and Use 
Committee. Five multiparous Holstein cows, fitted surgically with ruminal 
and duodenal cannulas during the dry period, were used in a 5 X 5 Latin 
square experiment. Cannulation procedures and cannulas were as described 
by Socha et al. (15). 
Cows were assigned to the experiment at wk 17 to 19 postpartum on 
the same calendar date. Each period of the Latin square was 8 d in 
duration. Cows were allowed 3 d to adapt to the new infusate and milk 
weights and samples were collected on d 4 to 8 of each period. Equations 
developed by Socha and Schwab (13) were used to determine quantities of 
Lys and Met to be infused into the duodenum to achieve a Lys concentration 
in duodenal digesta of 15.0% of EAA and a maximum Met concentration in 
duodenal digesta of 5.6% of EAA; the five treatments were 8 g/d of L-Lys 
plus 0, 5.0, 10.0, 15.0, or 20.0 g/d of DL-Met infused into the duodenum 
via the duodenal cannula. Amino acids were dissolved daily in 4 L of tap 
water. Solutions were infused continuously using two, four-channel 
peristaltic pumps (Haake Buchler Instruments, Inc., Saddlebrook, NJ). 
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Feeding and Management of Cows 
Diets were formulated to meet or slightly exceed all nutrient 
requirements for lactating dairy cows (8), and fed as a TMR (Table 1). 
Cows started receiving the experimental diet 10 d prior to collection of 
the first duodenal sample and initiation of Met and Lys infusions. Diets 
were prepared by weighing each ingredient and blending in a drum-type 
mixer (Data Ranger; American Calan, Inc., Northwood, NH). The alfalfa hay 
was chopped prior to being incorporated into the TMR, by using a Wic bale 
chopper (Model 6-90, Wic, Inc., Johnson, Quebec, Canada). Feed offered 
was adjusted daily to achieve 5 to 10% orts. Cows were fed 67% of the 
total daily allotment at 1600 h and the remaining 33% at 0500 h. Orts 
were collected at 1400 h. Feed ingredients were sampled prior to 
initiation of each experiment. Forage to grain ratio was adjusted to 
achieve a level of 21% forage NDF in the diet, and amounts of corn and 
soybean meal were adjusted to achieve a diet CP level of 16.0% of DM. 
Measurements. Collection and Analysis of samplt»ii 
Samples of orts were obtained daily during d 4 to 8 of each period, 
composited by cow, and frozen (-20°C) immediately. Upon completion of 
each period, orts were thawed at room temperature (21 °C), dried at 60 °C 
for 18 h in a convection oven, ground to pass through a 1-mm screen, and 
subsequently composited across experiment, prior to analysis. Samples of 
feed ingredients were taken on a weekly basis, dried at 60°C under 760 mm 
of vacuum for 24 h, ground to pass through a 1-mm screen, and composited 
across experiment. Composited feed ingredients and orts were analyzed for 
CP, NDF, ADF, ether extract, Ca, P, K, Mg, and S (NEDHIC, Ithaca, NY). 
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Milk weights were recorded and samples collected at each milking, 
during d 4 to 8 of each period. Milk samples were composited according to 
production for d 4 to 6 and d 7 to 8, preserved with 2-bromo-2-
nitropropane-1,3 diol and analyzed for fat, CP, true protein, and SCC 
(NEDHIC, Ithaca, NY). Dry matter intake was recorded for d 4 to 8 of each 
period to correspond with milk sampling. 
Chromium oxide was used as the unabsorbable digesta flow marker for 
intestinal flow measurements. Five grams of chromium oxide were 
encapsulated in filter paper (P8, Fisher, Inc., Pittsburgh, PA) and placed 
in the ruminal mat at 0400, 1000, 1600, and 2200 h via the ruminal 
cannula. Administration began 10 d before duodenal sampling commenced in 
period 1 and continued daily throughout the experiment. 
Duodenal digesta samples (approximately 500 ml) were collected every 
3 h on d 1 to 3 of each period; the initial sample was frozen (-20 °C) 
immediately and subsequent samples were added to the frozen composite. 
On each successive day, sampling advanced 1 h; thus, samples were taken at 
1-h intervals for a 24-h period. Digesta collected in the first 30 s 
after removing the cannula plug (minimum, 200 ml) was discarded. At the 
end of each 3-d collection period, duodenal digesta was allowed to thaw at 
room temperature (21 °C) and was homogenized in entirety using a 3.8-L 
commercial blender (Waring Products Division, Hartford, CT). Duodenal 
digesta was analyzed for DM, NH3N, N, NDF, ADF, OM, AA, nonstructural 
carbohydrates (NSC), and chromium oxide according to procedures described 
by Socha et al. (15). 
Ruminal fluid was obtained on d 7 of each period at 2, 4, 6, and 10 
h after the 0500-h feeding. Samples were obtained from four different 
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locations in the rumen using manual vacuum applied through a 1.27-cm PVC 
pipe to minimize disturbance of the ruminal mat. Samples were strained 
immediately through 59-//m Dacron mesh. Strained ruminal fluid (40 ml) was 
added to 2.4 ml of 6N HCl and frozen for NH3N analysis. Strained rumen 
fluid collected for VFA analysis (1 ml/sample) was composited by cow 
across the four time periods; the initial sample was frozen immediately 
and subsequent samples were added to the frozen composite. Ruminal and 
duodenal digesta fluid were analyzed for NH3N and VFA according to 
procedures referenced by Socha et al. (15). 
Blood samples were obtained by venipuncture of the coccygeal vein at 
approximately 2 h after the 0500-h feeding on d 7 and 8 of each period. 
Blood was collected into one 10-ml evacuated tube containing no additive 
and one 10-ml evacuated tube containing sodium heparin and 4% sodium 
fluoride (Vacutainer®, Becton Dickinson, Rutherford, NJ). Tubes 
containing the anticoagulant were placed in an ice bath until centrifuged 
at 3500 x a for 20 min at 5 °C. One aliquot of plasma was removed and 
frozen (-20 ° C) for glucose and NEFA analysis. Another aliquot was 
deproteinized: four volumes were vortexed with one volume of 15% 
sulfosalicylic acid, centrifuged at 3500 x g for 20 min at 5 °C, and the 
supernatant frozen for BHBA analysis. Blood in tubes containing no 
additive was allowed to clot at room temperature (15 to 21 °C), centrifuged 
(3500 x a for 20 min), and the serum was frozen. Samples were analyzed 
according to procedures described by Socha et al. (15). 
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Statistical Analysis and Calculations 
Repeated measurements (e.g., milk production, milk composition, 
rumen ammonia, etc.) for each cow were reduced to period means. Data 
were analyzed by ANOVA for a 5 x 5 Latin square design using the Modell 
statement of Harvey's LSMLMW PC-1 Version (7). This program automatically 
computes orthogonal polynomials for treatment levels that are not spaced 
equally. Sources of variation were cow, period, and treatment 
(partitioned into linear, quadratic and residual). Linear and quadratic 
responses with P < .05 were considered to be statistically significant. 
Results 
Chemical Composition of Diets 
The ingredient and chemical composition of the basal diet is shown 
in Tables 1 and 2. Chemical composition of the consumed diet was 
calculated from chemical components measured in each ingredient and then 
subtracting the amount of corresponding components in orts from the total 
amounts offered. Dietary RUP concentrations of consumed rations were 
calculated using NRC (8) values for feed ingredients. Based upon average 
production and intakes (Table 3), cows consumed averages of 114, 124, and 
114% of NRC (8) recommendations for CP, RUP, and RDP. Corn sources 
(silage and grain) supplied 45% of dietary RUP; soybean meal, raw 
soybeans, and blood meal supplied 36%. Concentrations of ADF in the 
consumed diets (14.9% of DM) were lower than the NRC (8) recommended 
minimum level of 19%. 
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Lactation and Dry Matter Intake Resnonsea 
Lactation and DMI responses are given in Table 3. Dry matter 
intake, yield of energy-corrected milk (ECM), milk fat content, and milk 
SCC were not affected by level of infused Met. Milk CP and true protein 
contents increased linearly with increasing amounts of infused Met. 
However, yield of CP and true protein were not affected by treatment 
because of a linear decrease in milk yield. Increases in milk protein 
content diminished with each increment of infused Met, thus responses in 
content of milk protein also tended to be quadratic. Yield of FCM 
declined linearly as amount of infused Met increased. Conversions of DM 
to ECM and dietary plus infused N to milk N were not affected by 
treatment. 
Blood Mnl-ahnliteB 
Plasma glucose and BHBA concentrations were not affected by amount 
of infused Met (Table 4). Plasma NEFA concentrations declined 
quadratically; the lowest concentration occurred when 10 g/d of Met was 
infused into the duodenum. Serum urea levels were not affected by 
treatment. 
Ruminal and Duodenal Measurements 
Ruminal and duodenal measurements were not affected by treatment; 
therefore, only means across treatment are presented (Table 5). Average 
ruminal pH was 6.41, indicating that the low ADF concentrations in the 
consumed ration was not too low for normal rumen function. Ruminal 
ammonia concentrations were well above 5.0 mg/dl, indicating fiber 
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digestion and ruminal synthesis of microbial protein were not inhibited by 
low rumen ammonia levels. Despite a lower acetate:propionate ratio in 
this experiment than in experiments conducted at peak and early lactation 
(2.4 vs. 2.6, and 2.6, respectively)(15), average milk fat content was 
higher in this experiment than in the previous two experiments (4.19 vs. 
4.13 and 3.89%, respectively). Duodenal pH was 3.15, indicating there was 
very little contamination of the collected sample by bile and pancreatic 
secretions. 
Intake and Passage of AA to the Duodenum 
Intake and passage of AA to the duodenum were not affected by 
treatment; therefore, only experiment means are presented (Tables 6, 7, 
and 8). Samples in which OM flow to the duodenum exceeded OM intake by 
10% were not used to determine nutrient passage to the duodenum (samples 
discarded were from 1 cow). Only apparent digestibilities of OM, ADF, 
NDF, and NSC are presented (Table 6), because ruminal bacteria were not 
isolated and analyzed to assess microbial passage to the small intestine. 
Flow of AA to the duodenum was higher than reported previously in the 
literature and may be attributed at least partially to the high DMI (avg. 
= 25.6 kg/d) (Table 7). It also may be due to problems associated with 
analysis of Cr, as discussed by Socha et al. (15). Basal diet 
contributions of Lys and Met to total EAA in duodenal digesta were 14.8 
and 4.4%, respectively (Table 8). By using measurements of AA flow to 
the duodenum and assumed intestinal availabilities of 100% for infused Lys 
and Met and 80% for microbial and RUP, the additional 8 g of infused Lys 
increased Lys content of duodenal digesta to 15.2% of EAA. The relative 
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proportions of Met in duodenal digesta as a result of infusates were 4.4, 
4.7, 4.9, 5.2, and 5.4% of EAA. 
Discussion 
The primary objective of the this study was to determine the 
required level of Met in duodenal digesta of midlactation cows for maximum 
milk protein synthesis. A positive linear relationship was found between 
incremental levels of infused Met and milk protein content. In addition, 
milk protein content response diminished with additional Met, indicating 
that the response to additional Met tended to be quadratic (Figure 1). By 
using the derivative of the equation depicting the relationship between 
content of milk true protein and infused Met, and setting the derivative 
equal to zero, a local maximum occurred when 19.1 g/d of Met were infused; 
this corresponds to a Met concentration in duodenal digesta of 5.4% of 
EAA. However, because of the linear decrease in milk yield, yield of milk 
protein was not affected by infused Met (Figure 1). The highest yield of 
milk protein with the lowest amount of infused Met occurred when 5 g/d of 
Met were infused; this corresponds to a Met concentration in duodenal 
digesta of 4.7% of EAA. These results indicate that the required level of 
Met in duodenal digesta is higher for maximizing milk protein content than 
for maximizing milk protein yield. 
The required level of Met in duodenal digesta for maximum synthesis 
of milk protein was determined to exceed 5.5% of EAA for peak (2 to 8 wk 
postpartum) lactation cows (15) and exceeded 5.1% of EAA for early (11 to 
19 wk postpartum) lactation cows (9, 15). The lower Met requirement for 
midlactation cows, expressed as a percentage of EAA, may have been the 
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result of cows consuming RUP well in excess of their requirements. 
Obviously, a qualitative deficiency of Met can be overcome by increasing 
the quantity of total AA flowing to the small intestine. A second 
explanation for the lower estimate of a Met requirement in midlactation is 
reduced fat mobilization. Methionine is required for the hepatic 
synthesis of apo Bi00-very low density lipoproteins (VLDL) (1) and 
phospholipids (16); increases in hepatic levels of both intermediates may 
improve lipid export from the liver. Because cows in this experiment most 
likely were in positive energy balance, the need to mobilize fatty acids 
to meet the energy requirement was minimal, thereby reducing the need to 
synthesize these transporters of lipids, and in turn, reducing the Met 
requirement. 
The role of Met in lipid metabolism may provide a partial 
explanation of the quadratic response in plasma NEFA concentrations to 
infused Met. Pisulewski et al. (9) observed a linear decrease in plasma 
NEFA concentrations when graded levels of Met were infused into the 
duodenum of cows (4 to 14 wk postpartum). In a previous study at the 
University of New Hampshire (15), plasma NEFA concentrations declined 
linearly in peak lactation cows (2 to 8 wk postpartum) and tended to 
decline quadractically in early lactation cows (11 to 19 wk postpartum) 
when incremental levels of Met were infused into the duodenum. 
The effect of Met on plasma NEFA concentrations may not, however, be 
due entirely to its role in lipid metabolism. Socha et al. (15) observed 
an increase in DMI with increasing levels of infused Met with peak (2 to 
8 wk postpartum) and but not early (11 to 19 wk postpartum) lactation 
cows. An increase in DMI was observed when incremental amounts of Lys 
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were infused into the duodenum of early and peak lactation cows, but not 
mid and late lactation cows (12). No effect of infused Met on DHI was 
observed in our study with midlactation cows. From these results, it 
appears that an improvement in Lys and Met nutrition is more likely to 
increase DMI in early lactation than in mid or late lactation. This may 
reflect cows in early lactation being more responsive to improvements in 
intestinal AA balance. However, Pisulewski et al. (9) observed no effect 
on DMI when incremental amounts of Met were infused into the duodenum of 
early lactation cows (4 to 14 wk postpartum). Yet, as previously noted, 
these workers observed a linear decrease in plasma NEFA concentrations. 
The linear decrease in milk yield in response to incremental levels 
of infused Met was unexpected. This result can be attributed to several 
things. First, it can not be ruled out as a Type I error; 1 in 20 of the 
responses declared significant at the £ = .05 are not significant. A 
second possible explanation is an over-supply of Met. Rulquin et al. (11) 
observed similar results when they summarized the literature investigating 
lactational responses to supplemental Lys and Met. In the summary, 
content and yield of milk protein were either not affected or decreased 
with additional Met when predicted concentrations of Lys in duodenal 
digesta were below 6.5% of protein truly digested in the small intestine 
(equivalent to approximately 13.8% of EAA) and resulting Met levels were 
above 2.3% of protein truly digested in the small intestine (equivalent to 
approximately 4.9% of EAA). Results of Rulquin et al. (11) are 
reinforced by results of a previous study (14) conducted at the University 
of New Hampshire. Socha et al. (14) observed no responses in milk 
production, milk protein content, or milk protein production to rumen-
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stable Met (RS-Met) when dietary CP was 16% of DM, but milk protein 
content increased and milk yield decreased in response to RS-Met 
supplementation with the 18.5% CP diet. The decrease in milk production 
may be the result of decreased blood flow to the mammary gland. Guinard 
and Rulquin (6) noted that mammary blood flow of lactating dairy cows 
decreased from 5.28 to 4.55 L/min when amount of Met infused into the 
duodenum increased from 0 to 16 g/d. More research is needed to determine 
the effect of Met on mammary blood flow. 
The detrimental effects of over supplementing Met also have been 
observed in swine and poultry. Weight gains of 8-d-old, crossbred chicks 
(4) and 4-wk-old crossbred pigs (3) were reduced 91 and 52%, respectively, 
when their basal diets of corn starch, corn, soybean meal, whey, and fish 
meal were supplemented with 4% DL-Met. When basal diets of 4-wk-old pigs 
were supplemented with .5, 1, 2, or 4% DL-Met, average daily gains were 
111, 101, 88, and 60% of control, respectively (5). The detrimental 
effects of consumption of high levels of Met may be due to production of 
protein-bound methanethiol-cysteine mixed disulfides and possibly to a 
direct action of methanethiol on enzyme-bound metals (2). It should be 
noted however, that Met was over-supplemented to a much greater extent in 
the swine and poultry studies than in our study. 
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Conclusions 
Results from this study indicate that the required level of Met in 
duodenal digesta is higher for maximizing content of milk protein than for 
maximizing yield of milk protein. The required level of Met in duodenal 
digesta for maximum yield of milk protein in midlactation cows was less 
than 5.0% of EAA. However, this may be an underestimate of the true Met 
requirement for midlactation cows. Intake of RUP appeared excessive and 
this may well have overcome any advantage of improving Met balance in 
duodenal digesta. 
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TABLE 1. Ingredient composition of diet. 
Ingredient % DM 
Corn silage1 22.1 
Alfalfa hay2 11.0 
3 Haycrop silage 11.0 
Corn, ground shelled 38.7 
Soybean meal, solvent extracted 5.8 
Raw soybeans, cracked 6.0 
Mineral-vitamin mix 4.0 
Blood meal, ring-dried .7 
Fat6 .7 
Treated at ensiling with .5% urea; 
contained 34.4 % DM, 45.3% NDF, 26.9% ADF, and 
11.0 % CP. 
2 Contained 90.4% DM, 49.1% NDF, 37.3% ADF, 
and 15.8% CP. 
3 Contained 31.7% DM, 50.7% NDF, 37% ADF, 
and 20.7% CP. 
4 Mineral-vitamin composition: 15.5% Ca, 
5.6% P, 4.6% Mg, 1.5% K, 2.1% S, .2% Zn, .13% Mn, 
.04% Cu, .23%Fe, .0025% I, .0041% Co, .0013 % Se, 
29510 IU/kg of vitamin A, 9443 IU/kg of vitamin 
D, and 94 IU/kg of vitamin E. 
5 Alifet™ (Alifet USA, Inc., Cincinnati, OH). 
TABLE 2. Chemical composition of consumed diet. 




NE„ Mcal/kg of DM 1.72 
ADF 14.9 
NDF 26.1 

























Total EAA2 5.44 
Total NEAA2'3 6.90 
Total AA 12.34 
1 Calculated from NRC (8). 
2 EAA = essential AA, NEAA = nonessential AA. 
3 Includes Ala, Asp, Cys, Glu, Gly, Pro, Ser, 
and Tyr. 
TABLE 3. Dry matter intake and milk production responses of midlactation cows receiving Met 












20g Met SE1 Effects2 
DMI, kg/d 25.5 26.1 24.9 25.4 26.0 .5 • • • 
Milk, kg/d 35.1 35.1 33.9 34.5 34.0 .4 L 
3.5% FCM, kg/d 38.8 38.5 37.3 37.5 37.6 .5 L 
ECM,3 kg/d 38.9 38.8 37.6 38.0 38.0 .5 . . .  
Milk component yield 
CP, g/d 1184 1206 1174 1206 1190 16 . . .  
True protein, g/d 1118 1138 1104 1138 1122 14 • • • 
Fat, g/d 1459 1442 1394 1391 1410 26 • • • 
Milk composition 
CP, % 3.41 3.46 3.50 3.52 3.53 .02 L 
True protein, % 3.22 3.26 3.30 3.32 3.32 .01 L 
Fat, % 4.25 4.18 4.22 4.09 4.22 .06 • • • 
SCC (1000s) 77.4 29.6 26.7 39.4 53.0 25.5 . . .  
ECM/DMI 1.52 1.49 1.51 1.50 1.47 .02 • • • 
Milk N/N intake4 .289 .290 .293 .296 .287 .005 
1 Standard error of the mean, n = 5. 
2 L = significant linear effect, P < .05, 
Q = significant quadratic effect, P < .05. 
3 Energy corrected milk, 3.5% fat and 3.2% protein = (.327 x kg milk) + (12.95 x kg fat) 
+ (7.2 x kg protein). 
4 Kilograms of milk N per kilogram of dietary plus infused N. 
TABLE 4. Blood metabolite concentrations of midlactation cows receiving Met and Lys by 
duodenal infusion. 
Infusates (g/d) 
8g Lys 8g Lys 8g Lys 8g Lys 8g Lys 
Item Og Met 5g Met lOg Met 15g Met 20g Met SE1 Effects2 
Plasma metabolites 
Glucose, mg/dl 70.2 66.4 71.9 67.6 67.0 2.6 • • • 
NEFA, ueq/L 102.2 99.6 74.2 80.5 143.0 18.4 Q 
BHBA, mg/dl 4.0 5.1 3.6 5.0 5.0 .5 
Serum urea, mg/dl 13.5 13.3 11.9 13.4 12.1 .7 
1 Standard error of the mean, n = 5. 
2 L = significant linear effect, P < .05, 
Q = significant quadratic effect, P < .05. 
TABLE 5. Ruminal pH, and ammonia and VFA 
concentrations, and duodenal pH and ammonia 




Ammonia, mg/dl 6.7 
VFA, mM 
Acetate (A) 66.4 
Propionate (P) 28.1 










TABLE 6. Means across experimental treatments 
for passage of OM, nitrogenous compounds, fiber 
fractions, non-structural carbohydrates, and 
total AA to the duodenum in midlactation cows. 
Item Mean 
OM 
Intake, kg/d 23.8 
Flow to duodenum, kg/d 21.9 
Apparent ruminal digestibility, % 8.0 
N 
Intake, g/d 663 
Flow to duodenum, g/d 962 
NDF 
Intake, kg/d 6.8 
Flow to duodenum, kg/d 5.8 
Apparent ruminal digestibility, % 14.3 
ADF 
Intake, kg/d 3.9 
Flow to duodenum, kg/d 3.1 
Apparent ruminal digestibility, % 20.7 
NSC 
Intake, kg/d 11.6 
Flow to duodenum, kg/d 5.4 
Apparent ruminal digestibility, % 53.4 
Total AA 
Intake g/d 3159 
Flow to duodenum 5535 
1 Non-structural carbohydrate. 
TABLE 7. Means across experimental treatments 
for intake and flow of AA to the duodenum of 
midlactation cows. 
Flow to 
































































1 Flow of AA to the duodenum does not 
include contributions of infusates. 
TABLE 8. Means across experimental treatments 
for profiles of essential AA (EAA) in dietary RUP 
and duodenal digesta. 
AA Dietary RUP Duodenal digesta1 
(% of total EAA) 
Arg 12.3 11.0 
His 6.5 5.2 
He 8.2 9.6 
Leu 23.4 20.0 
Lys 11.9 14.8 
Met 3.5 4.4 
Phe 11.7 10.6 
Thr 9.6 11.1 
Val 12.9 13.3 














/ Y = 3.218 + .01091 (x) - .0002857(x*x) R-squared = .99 
Local maximum occurs at x = 
















Y = 1122 + .1600 (x) R-squared = .01 
10 15 
Infused Met, g/d 
20 25 
FIGURE 1. Effect of incremental amounts of duodenally infused Met on content 
and yield of milk true protein of mid lactation cows. 
CHAPTER IV 
INFUSING METHIONINE INTO THE DUODENUM OF EARLY LACTATION DAIRY COWS WHEN 
DUODENAL LYSINE SUPPLY IS NOT ADEQUATE 
Abstract 
Four, multiparous, Holstein cows with ruminal and duodenal cannulas 
were assigned to an incomplete 5x5 Latin square at 10 to 12 wk 
postpartum to determine the effect of supplementing Met when Lys appeared 
first limiting. Treatments were daily infusions into the duodenum of 0, 
5, 10, or 15 g/d of DL-Met, or 10 g/d of DL-Met plus 20 g/d of L-Lys. The 
diet contained corn and grass-legume silage, corn meal, soybean meal, 
dried corn distillers' grains, wheat middlings, Ren Plus®, and tallow. 
Contributions of Lys to total essential AA in duodenal digesta were 13.4, 
13.4, 13.3, 13.3, and 14.5%, and contributions of Met were 4.9, 5.2, 5.6, 
5.9, and 5.5%, respectively. Plasma NEFA concentrations declined linearly 
with increasing levels of infused Met. Milk protein yield was lower for 
the Met only treatments in comparison to the Lys plus Met treatment. 
Conversion of dietary plus infused N to milk N was higher for cows 
receiving the Lys plus Met treatment than cows receiving the Met only 
treatments. There was no difference in milk protein yield or conversion 
of dietary plus infused N to milk N between the Lys plus Met treatment and 
the 0 g/d Met treatment. There was no effect of treatment on DMI, yield 
of milk, energy-corrected milk, 3.5% FCM, or milk composition. The lack 
of a response to the Lys and Met treatment is attributed to the high CP 
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intake of cows in this study, thus eliminating the need for supplemental 
AA. 
(Key words: lysine limitation, methionine, lactating cows, milk protein) 
Abbreviation key: BAA = essential AA, ECM = energy-corrected milk, RS-Met 
= rumen-stable Met. 
Introduction 
Lactational responses to supplemental Lys and Met indicate that 
content and yield of milk protein are either not affected or decrease with 
additional Met when predicted concentrations of digestible Lys in duodenal 
digesta are below 6.5% of total digestible protein (equivalent to 
approximately 13.8% of essential AA (EAA)) and resulting Met levels are 
above 2.3% of total digestible protein (equivalent to approximately 4.9% 
of EAA)(10). Similar results were observed by Socha and Schwab (15) when 
they conducted a literature summary investigating lactational responses to 
supplemental Lys and Met. Socha et al. (14) observed no responses in milk 
production, milk protein content, or milk protein production to rumen-
stable Met (RS-Met) when dietary CP was 16% of DM, but milk protein 
content increased and milk yield decreased in response to RS-Met 
supplementation with the 18.5% CP diet. Guinard and Rulquin (4) observed 
a quadratic response in mammary blood flow when early lactation cows were 
infused duodenally with either 0, 8, 16, or 32 g/d of DL-Met; the lowest 
mammary blood flow was recorded when 16 g/d of Met were infused. This 
observation provides one possible explanation for the negative responses 
to additional Met when Lys is first-limiting. 
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Despite evidence that Lys is often first-limiting or co-limiting 
with Met when corn-based diets are fed (9, 12, 14), the introduction and 
promotion of rumen-stable AA products has focused on Met. Availability of 
Met-only products is expected to lead to over-supplementation in some 
cases, particularly relative to the adequacy of Lys nutrition. The 
objective of this study was to investigate the effect of infusing 
incremental amounts of Met into the duodenum of early lactation cows on 
lactational performance and concentrations of blood metabolites when Lys 
content of duodenal digesta was not adequate. 
Materials and Methods 
Bxnerimont-« i Design and Treatments 
All procedures in this experiment were conducted with the approval 
of the University of New Hampshire Institutional Animal Care and Use 
Committee. Cows were fitted with duodenal and ruminal cannulas during the 
dry period, one lactation previous to the current lactation. Cannulation 
procedures and cannulas were as described by Socha et al. (18). Initially 
five multiparous Holstein cows were assigned to the 5X5 Latin square 
experiment, at 10 to 12 wk postpartum, but one cow was dropped from the 
experiment on d 2 of period one, due to an udder injury. Cows were 
assigned to the experiment on the same calendar date. 
Each period of the Latin square was 8 d in duration. Cows were 
allowed 3 d to adapt to the new infusate and milk weights and samples were 
collected on d 4 to 8 of each period. Equations developed by Socha and 
Schwab (15) were used to determine quantities of Lys and Met to be infused 
to achieve Lys and Met concentrations in duodenal digesta of 14.3 and 4.9 
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% of EAA, respectively, when Met and Lys were infused simultaneously; 
treatments were duodenal infusions of either 0, 5, 10, or 15 g/d of DL-Met 
or 10 g/d of DL-Met plus 20 g/d of L-Lys. Amino acids were dissolved 
daily in 3 L of tap water. Solutions were infused continuously using a 
four-channel peristaltic pump (Haake Buchler Instruments, Inc., 
Saddlebrook, NJ). 
Feeding and Management of Cows 
Diets were formulated to meet or slightly exceed all nutrient 
requirements for lactating dairy cows (7), and fed as a TMR (Table 1). 
Cows started receiving the experimental diet 10 d prior to collection of 
the first duodenal sample and initiation of Met and Lys infusions. Diets 
were prepared by weighing each ingredient and blending in a drum-type 
mixer (Data Ranger; American Calan, Inc., Northwood, NH). Amount offered 
was adjusted to achieve 5 to 10% orts. Cows were fed equal quantities of 
TMR at 1530, 2030, and 0500 h. Orts were collected at 1400 h. Feed 
ingredients were sampled prior to initiation of the experiment. Forage to 
grain ratio was adjusted to achieve a level of 21% forage NDF in the diet, 
and corn and soybean meal levels in the diet were adjusted to achieve a CP 
level of 17.3%. 
Measurements. Collection and Analysis of Samples 
Samples of orts were obtained daily during d 4 to 8 of each period, 
composited by cow, and frozen (-20 °C) immediately. Upon completion of 
each period, orts were thawed at room temperature (21 °C), dried at 60 °C 
for 18 h in a convection oven, ground to pass through a 1-mm screen, and 
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subsequently composited across treatments according to the amount of orts, 
prior to analysis. Samples of feed ingredients were taken on a weekly 
basis, dried at 60 °C under 760-mm of vacuum for 24 h, ground to pass 
through a 1-mm screen and then composited across experiment. Composited 
feed ingredients and orts were analyzed for CP, NDF, ADF, ether extract, 
Ca, P, K, Mg, and S (NEDHIC, Ithaca, NY). 
Milk weights were recorded and samples collected at each milking, 
during d 4 to 8 of each period. Milk samples were composited according to 
production for d 4 to 6 and d 7 to 8, preserved with 2-bromo-2-
nitropropane-1,3 diol and analyzed for fat, CP, true protein, and SCC 
(NEOHIC). Dry matter intake was recorded for d 4 to 8 of each period to 
correspond with milk sampling. 
Chromium oxide was used as the unabsorbable digesta flow marker for 
intestinal flow measurements. Five grams of chromium oxide were 
encapsulated in filter paper (P8, Fisher, Inc., Pittsburgh, PA) and placed 
in the ruminal mat at 0400, 1000, 1600, and 2200 h via the ruminal 
cannula. Administration began 10 d before duodenal sampling commenced in 
period 1 and continued daily throughout the experiment. 
Duodenal digesta samples (approximately 500 ml) were collected every 
3 h on d 1 to 3 of each period; the initial sample was frozen (-20°C) 
immediately and subsequent samples were added to the frozen composite. On 
each successive day, sampling advanced 1 h; thus, samples were taken at 1-
h intervals for a 24-h period. Digesta collected in the first 30 s after 
removing the cannula plug (a minimum of 200 ml) were discarded. At the 
end of each 3-d collection period, duodenal digesta was allowed to thaw at 
room temperature (21 °C), and homogenized in their entirety using a 3.8-L 
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commercial blender (Waring Products Division, Hartford, CT). Duodenal 
digesta was analyzed for DM, NH3N, N, NDF, ADF, OM, AA, nonstructural 
carbohydrates, and chromium oxide, according to procedures referenced by 
Socha et al. (18). 
Ruminal fluid was collected on d 2 of each period at 2, 4, 6, and 8 
h after the morning feeding. Samples were obtained from 4 different 
locations in the rumen using manual vacuum applied through 1.27-cm PVC 
pipe to minimize disturbance of the ruminal mat. Forty milliliters of 
rumen fluid were added to 2.4 ml of 6N HC1 and frozen for NH3N analysis. 
Ruminal fluid was analyzed for NH3N according to the procedure described 
by Socha et al. (18). 
Samples of ruminal digesta (approximately 1 L) were collected from 
the reticulo-omasal orifice area during d 1 of each period. The samples 
were taken at 5 different times periods (1.5, 3.0, 4.5, 6.0, and 7.5 h 
post-feeding) over the entire experiment; a different time period was 
sampled each period. Ruminal digesta was homogenized in a 3.8-L 
commercial blender (Waring Products Division, New Hartford, CT) for 30 s 
on low speed to remove loosely-associated microbes from particulate 
matter. The digesta was strained (without squeezing) through 1 layer of 
59-/An dacron mesh, and the fluid was retained. Mixed bacteria were 
isolated from ruminal fluid using the water only wash procedure of 
Whitehouse et al. (21) for fluid-associated bacteria. Bacteria were 
analyzed for N and AA according to the procedures described by Putnam et 
al. (8). 
Blood samples were obtained by venipuncture of the coccygeal vein at 
approximately 2 h after the 0500-h feeding on d 8 of each period. Blood 
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was collected into 10-ml evacuated tubes, one containing no additive, one 
containing sodium heparin and 4% sodium fluoride, and one containing 
sodium heparin. Tubes containing the anticoagulant were placed in an ice 
bath until centrifuged at 3500 x g for 20 min at 5 °C. An aliquot of 
plasma, which contained sodium fluoride, was removed and frozen (-20 °C) 
for glucose and NEFA analysis. An aliquot of plasma, which did not 
contain sodium fluoride, was deproteinized; four volumes were vortexed 
with one volume of 15% sulfosalicylic acid, centrifuged at 3500 x c[ for 20 
min at 5 °C, and the supernatant frozen for BHBA analysis. Blood in tubes 
containing no additive were allowed to clot at room temperature (15 to 21 
°C), centrifuged (3500 x a for 10 min), and the serum was frozen. Plasma 
and serum samples were analyzed according to procedures referenced by 
Socha et al. (18). 
Statistical Analysis and Calculations 
Repeated measurements (e.g., milk yield and composition, rumen 
ammonia, etc.) for each cow were reduced to period means. Data were 
analyzed by ANOVA for a 5 x 5 Latin square design using the GLM procedure 
of SAS (11). Sources of variation were cow, period, and treatment 
(partitioned into linear, quadratic, non-orthogonal contrasts, and 
residual). A set of non-orthogonal contrasts were computed to compare 
Lys plus Met versus no Met, Lys plus Met versus Met, and the linear and 
quadratic responses of incremental amounts of infused Met. Contrasts with 
P < .05 were considered to be statistically significant. 
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Results and DlscuBBion 
Chemical Composition of Diets 
The chemical composition of the basal diet is shown in Table 2. 
The chemical composition of the consumed diet was calculated from 
chemical components measured in each ingredient, and subtracting the 
amount of corresponding components in orts from the total amounts offered. 
Dietary RUP concentration of the consumed diet was calculated using NRC 
(7) values for feed ingredients. Based upon average production and 
intakes (Table 3), cows consumed averages of 120, 133, and 122% of NRC (7) 
recommendations for CP, RUP, and RDP; diets were balanced originally to 
supply approximately 110% of NRC (7) recommendations for CP, RUP, and RDP. 
The large discrepancy between intended supply and intake of CP fractions 
occurred due to the low CP content of the orts and lower than expected 
production of 3.5% FCM. Corn sources (silage, grain, and dried 
distillers' grains with solubles) supplied 48.2% of the dietary RUP; 
soybean meal, and Ren Plus® (Moyer Packing Co., Souderton, PA 18964-0395) 
supplied 41.2%. Concentration of ADF in the consumed diet (14.5% of DM) 
were lower than the NRC (7) recommended minimum level of 19%. 
Lactation and Dry Matter Intake Responses 
Lactation and DMI responses are given in Table 3. Dry matter 
intake, yields of milk, 3.5% FCM, energy-corrected milk (ECM) and fat, and 
milk composition were not affected by treatment. Yield of milk CP was 
greater and yield of milk true protein tended to be greater for the Lys 
plus Met treatment than the Met only treatments. The increase in milk CP 
yield, without an increase in DMI, resulted in a greater conversion of 
116 
dietary plus infused N to milk N for the Lys plus Met treatment in 
comparison to the Met only treatments. Conversion of DM to ECM was not 
affected by treatment. 
Blood Metabolites 
Concentrations of plasma glucose and BHBA were not affected by 
treatment (Table 4). Plasma NEFA concentrations were higher for the 
treatment of 0 g/d of Met than the Lys plus Met treatment. As observed 
previously (18), concentrations of plasma NEFA declined linearly as the 
amount of Met infused into the duodenum increased. The effect of Met on 
plasma NEFA concentrations can be attributed, at least partially, to the 
role of Met in lipid absorption and transport. Methionine is involved in 
the synthesis of very low density lipoproteins and chylomicrons by serving 
as a methyl donor in the formation of phospholipids (20) and may be a 
limiting factor in the formation of Apo-B proteins (1). Serum urea levels 
tended to be lower for the Lys plus Met treatment than the treatment of 0 
g/d of Met and the Met only treatments. 
Ruminal and Duodenal Measurements 
Ruminal and duodenal measurements were not affected by treatment. 
Hence, treatment means were combined and are presented in Table 5. The 
low rumen pH (6.02) can be attributed to the low ADF concentrations in the 
consumed ration. Duodenal pH was 3.20, indicating there was very little 
contamination of the collected sample by bile and pancreatic secretions. 
Ruminal ammonia concentrations were well above 5.0 mg/dl, indicating that 
RDP did not limit fiber digestion (2). 
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Ruminal digestion coefficients for OM, NDF, ADF, and NSC were 
comparable to values reported previously for diets composed of corn 
silage, alfalfa silage, shell corn, and soybean meal, and chromium oxide 
was used as the unabsorbable digesta flow marker (5, 6). Efficiency of 
microbial protein synthesis was slightly greater than the 30 g of 
microbial N per kilogram of OM truly digested. This is comparable to the 
mean calculated in the review of Stern and Hoover (19) for studies 
measuring efficiency of microbial protein synthesis. 
Intake and Passage of AA to the Duodenum 
Means across treatment for AA intake and flow to the duodenum for 
the basal diet (excluding infusates) are given in Tables 6 and 7. 
Contributions of Lys and Met to total EAA in duodenal digesta were 13.4 
and 4.9%, respectively. By using measurements of AA flow to the duodenum 
and assumed intestinal availabilities of 100% for infused Lys and Met and 
80% for microbial and RUP, calculated contributions of Met to total EAA in 
duodenal digesta were 5.2, 5.6, and 5.9% for the three respective Met 
treatments; Lys and Met content of duodenal digesta for the Lys plus Met 
treatment were 14.5 and 5.5% of EAA. 
Response to Infused Met When Lvs Was Not Adequate 
The objective of this study was to determine the effect of 
supplementing lactating dairy cows with incremental amounts of Met when 
Lys appeared to be the first limiting AA. Milk protein yield was lower in 
the Met only treatments than the Lys plus Met treatment. Milk composition 
and yield of milk, ECM, and 3.5% FCM were not affected by treatment. In 
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a previous study, Socha et al. (16) observed a small but linear decrease 
in milk production when incremental levels of Met and a basal level of Lys 
were infused into the duodenum of mid lactation cows, indicating that a 
Lys and Met imbalance may have developed. In another study, Socha et al. 
(17) observed no responses in milk production, milk protein content, or 
milk protein production to RS-Met when dietary CP was 16% of DM. Milk 
protein content increased in response to RS-Met supplementation when 
dietary CP was 18.5% of DM, but a non-significant decrease in milk 
production occurred; thus, milk protein yield was unaffected. However, 
when rumen-stable Lys was supplied along with RS-Met, milk production, 
milk protein content, and milk protein production increased. 
Literature summaries (10, 15) indicate either no response or 
negative responses to additional Met when Lys is not.adequate; the present 
study is consistent with this observation. Rulquin et al. (10), and 
Socha and Schwab (15) also observed that when predicted Lys levels 
approached requirements, milk protein content increased in response to 
increased concentration of Met in duodenal digesta. In contrast, we did 
not observe an additional response in the present study when Lys and Met 
were infused together. The lack of a response to Lys plus Met in the 
present study may be attributed to the greater than expected intake of CP. 
As a result, while "proportional deficiencies" of Lys and Met were 
evident, "quantitative deficiencies" did not appear. 
Balancing diets of lactating dairy cows to optimize intestinal AA 
balance, should increase the conversion of dietary N to milk N. In this 
study, the conversion of dietary plus infused N to milk N was higher for 
the Lys plus Met treatment in comparison to the Met only treatments. 
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Serum urea levels tended to be lower for the Lys plus Met treatment than 
for the Met only and the 0 g/d of Met treatments, indicating more 
efficient utilization of absorbed AA. Schwab et al. (13) reported 
quadratic responses in urinary N excretion when 0, .3, .6, and 1.2 g of L-
Met/kg starter ration were infused into the abomasum of post-weaned dairy 
calves. Similar observations indicate that efficiency of protein 
utilization increases in response to supplemental Met until the Met 
requirements are met (3). 
Conclusions 
Duodenal infusions of incremental amounts of Met, when Lys appeared 
to be first limiting, reduced milk protein yield, but did not affect yield 
of milk, ECM, or FCM, or milk composition. The lack of a response to the 
Lys and Met treatment is attributed to the high CP intake of cows in this 
study, thus eliminating the need for supplemental AA. 
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TABLE 1. Ingredient composition of diet. 
Ingredient % DM 
Corn silage 25.8 
Haycrop silage2 12.9 
Corn, ground shelled 31.9 
Wheat middlings-Ren Plus® pellet3,4 14.0 
Soybean meal, solvent extracted 9.9 
Dried corn distiller's grains with solubles 5.5 
1 Treated at ensiling with .5% urea; contained 41.1% 
DM, 48.7% NDF, 26.8% ADF, and 12.1% CP. 
2 Contained 45.4% DM, 53.6% NDF, 33.2% ADF, and 17.0% 
CP. 
3 Contained (% of DM): wheat middlings 46.6, Ren 
Plus® 14.5, limestone 11.7, tallow 9.0, sodium 
bicarbonate 4.8, dicalcium phosphate 4.1, white salt 
3.5, Dynamate 2.8, magnesium oxide 1.4, iron oxide 1.0, 
yea-sacc 1026 .3, trace mineral pack .3, vitamin pack 
.1. 
4 Ren Plus® (Moyer Packing, P. O. Box 395 Souderton, 
PA 18964-0395) consists of pork meat meal, flash dried 
blood meal, hydrolyzed poultry feathers, poultry by­
products meal, fish meal, deflourinated phosphate, 
calcium carbonate, technical ethoxyquin "added as a 
preservative". 
TABLE 2. Chemical composition of consumed diet. 




NE,, Mcal/kg of OM 1.74 
ADF 14.5 
NDF 29.0 

























Total EAA2 6.45 
Total NEAA2'3 8.41 
Total AA 14.86 
1 Calculated from NRC (7). 
2 NSC = nonstructural carbohydrates, EAA = 
essential AA, NEAA = nonessential AA. 
3 Includes Ala, Asp, Cys, Glu, Gly, Pro, Ser, 
and Tyr. 
TABLE 3. Dry matter intake and lactational responses of early lactation cows receiving 












20g Lys SE1 Contrast2 
DMI, kg/d 25.8 25.9 26.3 25.8 25.6 .4 •  •  •  
Milk, kg/d 42.1 41.8 41.7 42.3 42.6 .8 • .  •  
3.5% FCM, kg/d 38.8 39.7 39.6 39.4 39.4 1.1 •  •  •  
ECM,3 kg/d 40.2 40.7 40.7 40.4 40.7 1.0 
Milk component yield 
CP, g/d 1378 1346 1359 1350 1395 26 A 
True protein, g/d 1291 1268 1274 1277 1309 23 .  •  •  
Fat, g/d 1274 1337 1336 1301 1294 60 . .  •  
Milk composition 
Fat, % 3.06 3.27 3.21 3.13 3.09 .13 • • • 
CP, % 3.28 3.26 3.27 3.21 3.29 .03 •  •  •  
True protein, % 3.07 3.07 3.07 3.04 3.09 .02 
SCC x 1000 55.0 67.1 77.4 58.5 57.9 13.9 •  •  •  
ECM/DMI 1.56 1.59 1.54 1.58 1.60 .05 •  •  •  
Milk N/N intake4 .305 .298 .294 .298 .309 .004 A 
1 Standard error of the least-square mean, n = 4. 
2 Contrast: A = Met supplementation vs. Lys + Met supplementation, P < .05 
3 Energy-corrected milk, 3.5% fat and 3.2% protein = (.327 x kg milk) + (12.95 x kg 
fat) + (7.2 x kg protein). 
4 Kilograms of milk N per kilogram of dietary plus infused N. 
TABLE 4. Blood metabolite concentrations of early lactation cows receiving Met and Lys 















Glucose, mg/dl 74.1 73.3 73.9 73.9 73.1 1.8 
NEFA, ueq/L 132.0 128.6 80.4 92.3 105.8 10.9 B, L 
BHBA, mg/dl 4.4 4.7 4.3 4.7 4.9 .3 ... 
Serum urea, mg/dl 15.1 15.1 14.3 15.0 13.3 .7 ... 
1 Standard error of the least-square mean, n = 4. 
2 Contrasts: 
L = linear effect of supplemental Met, £ < .05 
B = Lys + Met supplementation vs. 0 g/d Met, P < .05. 
TABLE 5. Means across treatment for ruminal and duodenal 
pH, ruminal ammonia, and passage of OM, fiber fractions, non­
structural carbohydrates, nitrogenous compounds and total AA 





Ruminal ammonia, mg/dl 10.4 
OM 
Intake, kg/d 25.0 
Flow to duodenum, kg/d 18.1 
Apparent ruminal digestibility, % 27.2 
True ruminal digestibility, % 44.7 
NDF 
Intake, kg/d 7.9 
Flow to duodenum, kg/d 5.2 
Apparent ruminal digestibility, % 34.0 
ADF 
Intake, kg/d 3.9 
Flow to duodenum, kg/d 2.7 
Apparent ruminal digestibility, % 31.7 
NSC1 
Intake, kg/d 10.6 
Flow to duodenum, kg/d 5.3 
Apparent ruminal digestibility, % 49.7 
N Intake, g/d 770 
Flow 
Total N, g/d 761 
NH3N, g/d 23.5 
NAN 
g/d 737 
% of N intake 95.8 
NANMN 
g/d 383 
« of NAN 51.9 
% of N intake 49.7 
Microbial N 
g/d 354 
% of NAN 48.1 
g/kg of OMTD3 34.0 
Total AA 
Intake g/d 3846 
Flow to duodenum 4048 
1 Non-structural carbohydrates. 
2 Nonammonia, nonmicrobial N. 
3 Organic matter truly digested in the rumen. 
TABLE 6. Means across treatment for intake and 
flow of AA to the duodenum in early lactation 
cows. 
Flow to 





























































1 Flow of AA to the duodenum do not 
include contributions of infusateB. 
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TABLE 7. Profiles of essential AA (EAA) in mixed bacteria isolated 
from the reticulo-omasal-orifice area of multiparous cows and means 
across treatment for profiles of EAA in dietary RUP and duodenal 
digesta. 
Mixed Duodenal 
AA bacteria Dietary RUP digesta 
(% of total EAA) 
Arg 10.3 14.8 10.4 
His 4.2 6.1 4.9 
He 11.3 9.8 10.3 
Leu 16.8 20.6 21.4 
Lys 16.1 12.3 13.4 
Met 6.2 3.1 4.9 





 10.1 11.1 
Val 12.7 11.3 12.5 
1 Amino acids in duodenal digesta do not include infusates. 
CHAPTER V 
SUPPLEMENTING DIETS OF PREPARTUM AND EARLY LACTATION COWS WITH RUMEN-
STABLE AMINO ACIDS 
Abstract 
Eighty-four Holstein cows were assigned to a randomized block 
experiment with a 2 x 3 factorial arrangement of treatments to determine 
the benefits of supplementing pre- and postpartum diets with rumen-stable 
AA, and to find evidence for interactions between AA supplementation and 
dietary CP content. Prior to parturition, cows received a basal diet 
(15.9% CP) with either: 1) no rumen-stable AA, 2) 10.5 g/d of Met from 
rumen-stable Met, or 3) 10.2 g/d of Met and 16.0 g/d of Lys from rumen-
stable Lys plus Met. At parturition, cows continued to receive the AA 
treatments but were switched to diets balanced for 16.0 or 18.5% CP. Cows 
remained on the treatment until d 105 postpartum. Liver lipid and plasma 
NEFA concentrations were not affected by treatment. Plasma glucose 
concentration decreased with Lys plus Met supplementation. Increase in 
milk CP and true protein content, in response to AA supplementation, 
tended to be greatest with the 18.5% CP diet. Supplementation with Lys 
plus Met increased yield of milk CP and energy-corrected milk and tended 
to increase the yield of milk and FCM; responses were greatest in the 
first 11 wk of lactation. Results indicated either a greater deficiency 
of Lys and Met in the first 11 wk of lactation or that cows at this stage 




(Key words: rumen-stable methionine, rumen-stable lysine, lactating cows, 
milk protein) 
Abbreviation key: KAA = essential AA, ECM = energy corrected milk, ME = 
mature equivalents, RS-AA = rumen-stable AA, RS-Lys = rumen-stable Lys, 
RS-Lys+Met = rumen-stable Lys plus Met, RS-Met = rumen-stable Met, 16B = 
16.0% CP basal diet, 16LM = 16.0% CP diet with 10.2 g Met and 16.0 g Lys 
from rumen-stable Lys plus Met, 16M = 16.0% CP diet with 10.5 g Met from 
rumen-stable Met, 18.5B = 18.5% CP basal diet, 18.5LM = 18.5% CP diet with 
10.2 g Met and 16.0 g Lys from rumen-stable Lys plus Met, 18.5M - 18.5% CP 
diet with 10.5 g Met from rumen-stable Met. 
Introduction 
Production responses of dairy cows to improved Lys and Met nutrition 
include variable increases in feed intake, milk production and content and 
yield of milk protein. The summary of Rulguin and V§rit§ (22) confirm 
that responses to postruminal Lys and Met supplementation are greater when 
basal levels of Lys and Met in RUP are low rather than high, when intake 
of RUP is high rather than low, when cows are in early lactation rather 
than mid or late lactation, and in high producing cows rather than low 
producing cows. There are five observations that are noteworthy. First, 
content of milk protein is more sensitive than milk yield to duodenal 
concentrations of Lys and Met (21, 28). Second, increasing duodenal 
concentrations of Lys and Met increases only the casein fraction of milk 
protein and not the whey and NPN fractions (1, 5, 7, 11, 17). Third 
increasing duodenal concentrations of Lys and Met often increases content 
of milk protein more than what would be expected by increasing dietary CP 
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(26). Fourth, the relationships between Lys and Met concentration in 
duodenal digesta and milk protein content and yield are described by 
typical curves of diminishing increments (21, 28). Finally, increases in 
milk yield to supplemental Lys and Met generally are limited to cows in 
early lactation when the need for absorbable AA, relative to absorbable 
energy is greatest (15, 22, 24, 25). 
The obvious advantage of improving the balance of absorbable AA is 
the increased efficiency of use of absorbed AA for protein production. It 
has been demonstrated that improved Lys and Met nutrition reduced the 
amount of dietary CP needed to achieve similar yields of milk and milk 
protein (17, 20). A reduction of dietary CP not only improves efficiency 
of protein synthesis but also provides more "room" in the diet to meet 
other critical needs of ruminal fermentation or of the host animal. 
There may be other more subtle or indirect benefits of optimizing 
Lys and Met nutrition. Burand et al. (8) observed an enhanced ability of 
the liver to secrete triglyceride-rich very low density lipoproteins when 
20 g/d of Lys and 10 g/d of Met were infused into the mesenteric vein of 
early lactation dairy cows. Chapoutot et al. (4) observed a significant 
reduction in blood NEFA when early lactation dairy cows were fed rumen-
stable Lys and Met. 
The objectives of this study were to determine the benefits of 
improving Lys and Met nutrition of pre- and postpartum cows with rumen-
stable Met (RS-Met) and rumen-stable Lys plus Met (RS-Lys+Met) on early 
lactation performance, the interaction of dietary CP and AA 
supplementation, and the incidence and extent of fatty livers, and post-
calving metabolic disorders. 
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Materials and Methods 
EmerlmaiH-ai Design and Treatments 
All procedures related to animal care were conducted with the 
approval of the University of New Hampshire Institutional Animal Care and 
Use Committee. Eighty-four multiparous cows, blocked by calving date (14 
blocks; average block interval, 6.4 wk, range, 3 to 11 wk), were assigned 
to an experiment with a complete randomized block design, 14 d prior to 
expected calving date. Four cows were removed from the experiment; three 
due to the development of pendulous udders which hindered milking of the 
cows, and one because of an immobilizing calving injury. 
Prior to parturition cows received the precalving diet (Table 1) 
supplemented with either no rumen-stable AA (RS-AA), 15 g/d of a RS-Met 
TM product (Smartamine M, RhSne-Poulenc Animal Nutrition) which supplied 
10.5 g of Met, or 6 g/d of the RS-Met product plus 40 g/d of a RS-Lys+Met 
TM product (Smartamine ML, Rhone-Poulenc Animal Nutrition) which together 
supplied 10.2 g of Met and 16.0 g of Lys. At calving, cows continued to 
receive their respective RS-AA treatment but were switched to either the 
16.0 or 18.5% CP postcalving diet, forming a 2 x 3 factorial arrangement 
of treatments with the AA treatments. The six treatments were a 16.0% CP 
basal diet (16B), the 16.0% CP diet supplemented with 10.5 g/d of Met from 
RS-Met (16M), or the 16.0% CP diet supplemented with 10.2 g Met plus 16.0 
g Lys from RS-Lys+Met (16LM), or an 18.5% CP basal diet (18.5B), the 
18.5% CP diet supplemented with 10.5 g/d of Met from RS-Met (18.5M), or 
the 18.5% CP diet supplemented with 10.2 g Met plus 16.0 g Lys from RS-
Lys+Met (18.5LM). Cows remained on treatment until d 105 of lactation. 
Equations developed by Socha and Schwab (28) were used to determine 
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quantities of rumen-stable Lys (RS-Lys) and RS-Met to be fed to raise 
concentrations of Lys in duodenal digesta from 14.2 to 14.8% of EAA and 
for Met, from 4.0 to 4.8% of EAA, when cows consumed 23 kg/d of the 16.0% 
CP diet. It was estimated that 2.5 percentage units of CP could be spared 
with RS-Met and RS-Lys supplementation, which lead to the formulation of 
the 16.0 and 18.5% CP diets. 
Feeding and Management of Cows 
Diets (Table 1) were fed as a TMR and were prepared by weighing each 
ingredient and blending in a drum-type mixer (Data Ranger; American Calan, 
Inc., Northwood, NH). Alfalfa hay was chopped prior to incorporation into 
the TMR using a bale chopper (Model 6-90, Wic Inc., Johnson, Quebec, 
Canada). Cows were fed 67% of the total daily allotment at 1530 h and 33% 
of the daily allotment at 0530 h. Feed allotments were adjusted to 
achieve 5 to 10 % orts. Orts were collected at 1300 h. Rumen-stable AA 
supplements were top dressed at the time of feeding, with 67% of the daily 
allotment offered at the 1530 h feeding and the remaining 33% offered at 
0530 h. Cow acceptance was good, with no cows refusing to eat the 
supplement. Prior to initiation of the experiment, and every 4 wk 
thereafter, feed ingredients were analyzed for CP, NDF, ADF, ether 
extract, Ca, P, K, Mg, and S (NEDHIC, Ithaca, NY). Forage to grain ratio 
was adjusted to maintain a level of 21% forage-NDF in the diet. Amounts 
of corn and either expeller soybean meal (SoyPlus®, West Central Co-op, 
Ralston, IA) or solvent-extracted soybean meal were adjusted to achieve CP 
levels of 16.0 or 18.5%, respectively. Feed ingredients and orts were 
sampled weekly and analyzed for DM (60 °C under 760 mm of vacuum for 24 h), 
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ground to pasB through a 1-mm screen, and then composited by treatment for 
the experiment. Composited feed ingredients and orts were analyzed for AA 
and nonstructural carbohydrates by procedures described by Socha et al. 
(29). 
MeaBurp»"«»"*-«- Collection, and Analysis of RampiPH 
Milk weights were recorded twice daily; milk samples were taken from 
two consecutive milkings each week. Milk samples were preserved with 2-
bromo-2-nitropropane-l, 3 diol and analyzed for fat, CP, true protein, and 
SCC (NEDHIC). Body condition scores were obtained weekly by three 
individuals and averaged for each week. Cows in blocks 1 through 12 were 
weighed daily. Body weights for the complete duration of the study were 
not available for cows in blocks 13 and 14, due to mechanical failure of 
the scale. 
Blood samples were obtained by venipuncture of the coccygeal vein at 
approximately 2 h after the morning feeding during wk 1, 2, 3, 4, and 8 of 
lactation. Blood was collected into one 10-ml evacuated tube containing 
no additive and one 10-ml evacuated tube containing sodium heparin and 4% 
sodium fluoride (Vacutainer®, Becton Dickinson, Rutherford, NJ). Tubes 
containing the anticoagulant were placed in an ice bath until centrifuged 
at 3300 x g for 20 min at 5 °C. One aliquot of plasma was removed and 
frozen (-20 °C) for glucose and NEFA analysis. Another aliquot was 
deproteinized; four volumes were vortexed with one volume of 15% 
sulfosalicylic acid, centrifuged at 3300 x a for 20 min at 5 °C, and the 
supernatant frozen for BHBA analysis. Blood in tubes containing no 
additive was allowed to clot at room temperature (15 to 21 °C), centrifuged 
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(3300 x g for 20 min), and the serum frozen. Samples were analyzed 
according to procedures referenced by Socha et al. (29). Liver biopsies 
were obtained by the laboratory animal care technologist from cows 2 wk 
prior to expected calving date, and again at wk 1 and 3 postpartum, 
according to procedures outlined by Skaar et al. (27). Liver tissue was 
analyzed for lipid content (27). 
Statistical Analysis and Calculations 
Repeated measurements for the prepartum (prepartum DMI) and 
postpartum (yield of milk and milk components, milk composition, DMI, 
blood metabolites) data were reduced to total experiment means for each 
cow prior to being analyzed using the GLM Procedure of SAS (23). The 
model for analysis was that of a Randomized Block design with a 2 x 3 (CP 
vs AA) factorial arrangement of treatments (Table 2). Body conditions 
scores and BH for wk 1 and 15 postpartum, change in body condition and BW 
and the 305-d mature equivalents (ME) were analyzed using the same model 
used to analyze the postpartum data (Table 2). Due to the heterogeneity 
of the variance for the production and blood variables over the lactation 
periods, a repeated measurement analysis was not performed. To assess 
response to treatment over the 15 wk treatment period, postpartum 
measurements (yield of milk and milk components, milk composition, DMI, 
BW, and body condition scores) were reduced to 3-wk means, and analyzed 
using the same procedure and model statement used to analyze the 
experimental treatment means (Table 2). The weekly means for 
concentration of blood metabolites and the daily means for prepartum DMI 
were analyzed using the same procedure and model statement used to analyze 
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the experimental treatment means. Dietary CP was not included as an 
effect in the analysis of wk-1 liver data because cows had received the 
16.0 or 18.5% CP diet less than 1 wk at the time of the wk-1 biopsy (Table 
2). Treatment responses with P < .10 were considered to be statistically 
significant. 
Results 
Chemical Composition of Diets 
The chemical composition of the consumed diets and AA composition of 
feed ingredients are shown in Tables 3 and 4. Chemical composition of 
the consumed diets were calculated by measuring the concentrations of 
chemical components in each ingredient and in orts, and subtracting the 
amount of each chemical component in orts from the total amount offered. 
Concentrations of dietary RUP were calculated using NRC (12) values for 
feed ingredients. Based upon average production and intakes for the 15-wk 
postpartum experimental period (Table 6), cows receiving the 16% CP diet 
consumed 98, 118, and 99% of NRC (12) recommendations for CP, RUP, and 
RDP, and cows receiving the 18.5% CP diet consumed 111, 119, and 123% of 
recommendations. Corn sources (silage and grain) supplied 37 and 32% of 
dietary RUP for the 16 and 18.5% CP diets, respectively; soybean meal, raw 
soybeans, and blood meal supplied 48 and 53%. Concentrations of ADF in 
the 16.0 and 18.5% CP diets were lower (14.9 and 14.9% of DM) than the NRC 
(12) recommended minimum level of 19%. 
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Drv Matter Intake and Lactation Responses 
Dry matter intake was higher for cows receiving RS-Lys+Met compared 
to cows receiving no RS-AA or RS-Met (Table 5). Yield of milk, and 3.5% 
FCM tended to increase and yield of energy-corrected milk (ECM), milk CP 
and true protein increased with RS-Lys+Met. There were CP x AA 
interactions for concentrations of milk CP and true protein, as well as a 
trend for a CP x AA interaction for content of milk fat; cows receiving 
the 16M treatment produced milk with lower CP, true protein and fat 
concentrations than cows receiving the 16B treatment, while cows receiving 
the 18.5M treatment produced milk with higher concentrations of CP, true 
protein and fat than cows receiving the 18.5B treatment. Despite the 
apparent opposite effects of RS-Met on milk composition when added to the 
two basal diets, yields of 3.5% FCM, ECM, CP, true protein, and fat were 
similar for cows receiving no RS-AA and cows receiving RS-Met. In 
contrast, at both levels of CP, cows receiving RS-Lys+Met tended to 
produce milk with higher concentrations of CP and true protein than cows 
receiving no RS-AA. Responses in yield of milk, 3.5% FCM, and ECM to RS-
Lys+Met supplementation tended to be greatest when cows received the 18.5% 
CP diet. 
Dry matter intake responses to RS-Lys+Met supplementation tended to 
be greatest during wk 5 to 10 postpartum (Figure 2). Cows receiving RS-
Met had lower DMI than cows receiving RS-Lys+Met or no RS-AA for almost 
the complete duration of the treatment period. Milk production responses 
to RS-Lys+Met tended to be greatest during the first 11 wk of lactation 
(Figure 1); maximum responses occurred during wk 4 to 9 of lactation. The 
milk yield responses were reflected in responses of 3.5% FCM, ECM, CP, and 
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true protein yields (Figure 1). Responses in yield of milk fat, SCC, and 
conversion of DM to ECM and feed N to milk N were not influenced by stage 
of lactation; thus 3-wk period data for these variables were not 
presented. 
There was a significant CP x AA interaction in the wk-1 to 3 and wk-
4 to 6 time periods for content of milk protein and fat (Figure 2). In 
the wk-1 to 3 time period, cows receiving the 16M and 16LM treatments 
produced milk with lower CP and true protein than cows receiving the 16B 
treatment, while cows receiving the 18.5M and 18.5LM treatments produced 
milk with higher concentrations of CP and true protein than cows receiving 
the 18.5B treatment. Response in milk fat concentrations followed a 
similar pattern with the exception that content of milk fat was higher for 
the 16LM treatment than for the 16B treatment. In the wk-4 to 6 time 
period, content of milk CP and true protein was higher for the 16LM and 
16B treatments than for the 16M treatment, while content of milk CP and 
true protein was higher for the 18.5M and 18.5LM treatments than for the 
18.5B treatment. Response in milk fat concentrations followed a similar 
pattern with the exception that content of milk fat was higher for the 
18.5B treatment than for the 18.5LM treatment. 
Conversion of DM to ECM was not affected by treatment, but 
conversion of dietary N to milk N was higher for the 16.0% CP diet than 
for the 18.5% CP diet. Supplementing with RS-AA increased the conversion 
of dietary N to milk N for the 18.5% CP diet, but only slightly increased 
the conversion of dietary N to milk N for the 16.0% CP diet. 
To determine if a difference in production potential existed for the 
6 groups of cows, the 305-d ME of the cows for the lactation prior to 
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being assigned to the experiment were summarized (Table 6). There were no 
differences in lactation number, yield of ME milk, 3.5% FCM, CP, or fat, 
or milk composition, indicating that the differences in milk production 
and composition of the 6 groups of cows were due to treatment, not due to 
differences in production potential. Changes in BW and body condition 
scores were not affected by level of CP or RS-AA supplementation (Table 
7). 
Prpnarfnm t>mt and Liver Lipid and Blood Metabolite Concentrations 
Prepartum DMI was lower for cows receiving RS-Met than for cows 
receiving RS-Lys+Met or no RS-AA (Table 8), especially on d 1 and 2 
prepartum (Figure 3). Dry matter intake of cows receiving RS-Met dropped 
approximately 4 kg prior to calving, while DMI of cows receiving RS-
Lys+Met dropped less than 1 kg (Figure 3). Concentration of liver lipid 
was not statistically different, although cows receiving the 16LM 
treatment tended to have the highest wk-1 liver lipid concentration. 
Concentrations of liver lipids at 3 wk postpartum were similar. The 
inability to separate AA and CP effects can be attributed at least in part 
to the low number of cows from which biopsies were obtained (Table 8). If 
any of the three liver biopsies from a cow were not obtained, none of the 
liver data from that cow were used. 
Concentration of plasma glucose was lower for cows supplemented with 
RS-Lys+Met than for cows supplemented with no RS-AA or RS-Met (Table 8). 
Cows receiving RS-Lys+Met had the largest drop in plasma glucose 
concentrations following parturition, but by wk 3 postpartum, plasma 
glucose concentrations were similar across AA treatments (Figure 4). The 
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drop in plasma glucose concentrations following parturition may be 
partially attributed to higher yield of ECM for cows receiving RS-Lys-t-Het 
(Table 6). 
Concentration of plasma NEFA was not affected by treatment (Table 
8). Plasma BHBA concentrations were higher for cows receiving the 18.5% 
CP diet than for cows receiving the 16% CP diet. Initially concentrations 
of plasma BHBA were similar for cows receiving the 16.0% and 18.5% CP 
diets (Figure 5). However, plasma BHBA levels for cows receiving the 
16.0% CP diet fell rapidly as lactation progressed. The higher 
concentrations of plasma BHBA in cows fed the 18.5% CP diet may be 
attributed partially to a greater oxidation of fat to supply additional 
energy for the synthesis of urea. This is reflected in the higher serum 
urea levels of cows receiving the 18.5% CP diet (Table 8). 
Supplementation with RS-AA tended to reduce serum urea concentrations, 
especially for cows receiving the 18.5% CP diet. Response in serum urea 
and plasma NEFA concentrations to treatment did not differ over the 
treatment period and thus the graphs depicting the response over the 
treatment period are not presented. 
Overall health of cows assigned to the study was good. One cow, 
assigned to 18.5LM, was treated for displaced abomasum. Nine cows were 
treated for off-feed problems related to subclinical or clinical ketosis; 
one for 16B, two for 16M, one for 16LH, two for 18.5B, two for 18.5M, and 
one for 18.5LM. None of the illnesses appeared to be treatment related. 
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Discussion 
Lactational Responses to RS-LVB and RS-Met 
The first objective of this study was to determine the production 
responses of early lactation dairy cows to RS-Met or RS-Lys+Met at two 
levels of dietary CP. Cows receiving RS-Lys+Met consumed more DM, 
produced more milk protein and ECM, and tended to produced more milk and 
FCM than cows receiving RS-Met or no RS-AA. Responses to RS-Lys+Met were 
larger with the 18.5% CP diet than with the 16.0% CP diet. The same basal 
16.0 and 18.5% CP diets fed in this experiment were fed to eight 
cannulated, early lactation Holstein cows by Putnam et al. (16). Because 
the difference in level of dietary CP was largely a difference in RDP 
rather than RUP, feeding the 18.5% CP diet, as compared to the 16.0% CP 
diet, increased microbial N passage to the small intestine to a greater 
extent (+13%) than non-ammonia, non-microbial N (+3%). Although Lys and 
Met in total EAA of duodenal digesta were similar for the 16.0 and 18.5% 
CP diets (14.3 and 4.1%, and 14.5 and 4.1%, respectively), passage of EAA 
to the duodenum was higher for the 18.5% CP (1613 vs 1445 g/d). The most 
likely explanation for the larger response to RS-Lys+Met with the 18.5% CP 
diet, in contrast with the 16.0% CP diet, is that the 18.5% CP diet 
provided a greater supply of absorbable EAA with a nearly identical 
balance, resulting in similar "proportional deficiencies" of Lys and Met 
but greater "quantitative deficiencies." 
Responses to RS-Lys+Met were greatest in the first 11 wk of 
lactation, and then diminished gradually thereafter. The greater response 
to RS-Lys+Met in the first 11 wk of lactation may be the result of 
proportional requirements for Lys, Met, or both being higher before or at 
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peak lactation than after peak lactation. The diminishing response to RS-
Lys+Met after 11 wk of lactation can be partially attributed to higher DMI 
and thus greater CP intake, reducing the need for supplemental AA. Also, 
increased DMI increased flow of AA to the lower tract, thus diminishing 
the effect of supplemental Lys and Met. However, increased flow of AA to 
the lower tract, due to increased CP intake, would not explain the larger 
response to RS-Lys+Met with the 18.5% CP diet. It should also be noted 
that protein yield responses did not drop off as fast as milk yield 
responses (Figure 1). 
The increase in milk protein yield was consistent with results 
previously observed with RS-Lys+Met (1, 4, 7, 18, 19). However, in 
contrast to previous observations, the increased yield of milk protein 
occurred mainly because of an increase in milk production, rather than 
milk protein content. Similar to previous research, small increases in 
milk CP content with RS-Lys+Met were paralleled by increases in the true 
protein content of milk (5, 7, 11, 17). 
The addition of RS-Met to diets of early lactation cows did not 
increase production of milk, ECM, or milk protein. Milk protein content 
was lower for cows receiving the 16M treatment than the 16B treatment, but 
cows receiving the 18.5M treatment had a higher milk protein content than 
cows receiving the 18.5B treatment. From these results, it appears that 
Met was not first limiting, but rather Lys was either first limiting or 
Lys and Met were co-limiting in this experiment. 
Limited previous work has indicated that the required levels of Lys 
and Met in duodenal digesta of early lactation cows approximate 14.7 to 
15.2% of EAA (20, 25), and greater than 5.2% of EAA (14, 29), 
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respectively. Lysine and Met content of duodenal digesta were determined 
to be 14.3, 4.1 and 14.5 and 4.1% of EAA for the 16.0 and 18.5% CP diets, 
respectively (16). From the requirement and flow data, it would appear 
that the cows should have responded to RS-Met alone and there should have 
been only a slight additional increase in production responses when 
additional Lys was supplied in the form of RS-Lys. 
Factors that are not accounted for when using AA content of duodenal 
digesta to assess AA adequacy are any differences in intestinal 
digestibility of proteins reaching the duodenum and differences in 
bioavailability of AA within a protein source. Disregarding these factors 
may have impacted the outcome of this study because heat-treated protein 
supplements were included in the diets; ring-dried blood meal and 
expeller soybean meal both were included in the 16.0% CP diet and blood 
meal alone was included in the 18.5% CP diet. Research by Howie et al. 
(10) and Calsamiglia and Stern (3) showed that estimates of intestinal 
digestibility of ring-dried blood meal varied from 72 to 90% (average = 
81, 10 sources of samples). Furthermore, Lys appears to be the most 
vulnerable of the EAA to heat damage (2, 6, 9, 13). Low postruminal 
digestibility and subsequent availability of AA from blood meal and 
expeller soybean meal would have reduced the ratio of available Lys for 
absorption in this experiment, limiting the response to RS-Met 
supplementation. 
CP Sparing Effect of RS-AA 
The second objective of this study was to assess the CP sparing 
effect of RS-Met and RS-Lys+Met. This was difficult to assess due to the 
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lack of significant CP effects. However, cows receiving the 16LM 
treatment tended to consume more DM, produced more milk, ECM, FCM, CP and 
true protein, produced milk with a higher fat and protein content, and 
converted more OM to ECM and more dietary N to milk N than cows receiving 
the 18.5B treatment; these differences were not significant. This suggests 
that the 16% CP diet with RS-Lys+Met was at least similar in nutritive 
value to the 18.5% CP diet without RS-AA. 
It should be noted that the arrangement of treatments for this 
experiment did not lend itself to determining the CP sparing effect of RS-
Lys and RS-Met. To more accurately assess the CP sparing effect of RS-Lys 
and RS-Met, an experiment needs to be conducted in which diets are 
formulated to contain a wider range in CP concentrations, as well as more 
CP levels. 
Effect of RS-AA on Poatcalvlna Me*-«hoHc Disorders 
The third objective of this study was to assess the effect of RS-Met 
and RS-Lys+Met supplementation on post-calving metabolic disorders, such 
as ketosis and fatty liver syndrome. However, due to the low cow numbers 
in this study, we were unable to detect an effect of treatment on the 
incidence of clinical ketosis or liver lipid concentrations. 
The lack of a reduction in plasma NEFA and liver lipid 
concentrations in response to RS-AA supplementation in this study may be 
attributed to the transition diet being supplemented with a flat amount of 
RS-AA. This may have caused Lys and Met to be in excess immediately prior 
to calving, when DMI was lowest. However, this is only speculation due to 
lack of knowledge of nutrient passage to the duodenum and AA requirements 
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of dairy cows during late gestation and early lactation. More research 
needs to be conducted to determine nutrient deficiencies of the late 
gestation and early lactation dairy cow. In previous research, early 
lactation cows infused postruminally with incremental levels of Met and a 
basal level of Lys (14, 29) or supplemented with RS-Lys+Met (4) had lower 
plasma NEFA concentrations than cows that did not receive supplemental Met 
and Lys. Durand et al. (8) observed increased export of very low density 
lipoproteins from the liver, when cows were infused postruminally with Lys 
and Met. 
Conclusions 
Supplementing diets of early lactation cows with RS-Lys+Met 
increased DMI, yield of ECM and yield of milk protein, decreased 
concentrations of plasma glucose and tended to increase yield of milk and 
3.5% FCM and reduce serum urea levels. Other than DMI and plasma glucose, 
responses to RS-Lys+Met tended to be greatest with the 18.5% CP diet. It 
was difficult to assess the CP sparing effect of RS-Lys+Met due to the 
lack of a dietary CP effect on milk production and milk composition. 
However, cows receiving the 16LM treatment produced somewhat more milk, 
FCM, ECM, protein, and fat than cows receiving the 18.5B treatment. There 
was no effect of RS-AA on liver fat or plasma NEFA concentrations. The 
lack of an effect of RS-Met on production of milk and milk components when 
soybean products and blood meal were the supplemental protein suggests a 
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TABLE 1. Ingredient composition of diets. 
Diet 
Ingredient, % DM Precalving 16.0% CP 18.5% CP 
Corn silage1 31.1 22.3 22.3 
Alfalfa hay2 7.2 9.7 9.7 
Haycrop silage3 16.7 12.6 12.6 
Corn, coarse grind 32.0 37.1 31.8 
Soybean meal, solvent extracted 6.9 .8 11.5 
Raw soybeans, cracked 2.8 5.3 5.3 
Soybean meal, expeller .0 5.3 .0 
Blood meal, ring-dried .7 1.4 1.4 
Fat6 
Mineral-vitamin mix 
.7 1.4 1.4 
1.9 4.0 4.0 
1 Treated at ensiling with .5% urea, and contained 33.0% DM, 43.7% 
NDF, 25.3% ADF, and 9.8 % CP. 
2 Contained 90.1% DM, 44.9% NDF, 33.6% ADF, and 17.8% CP. 
3 Contained 32.7% DM, 54.6% NDF, 36.3% ADF, and 16.8% CP. 
*SoyPlus® (West Central Co-op, Ralston, IA). 
5 Alifet™ (Alifet USA, Inc., Cincinnati, OH). 
0 Mineral-vitamin mix composition: 15.5% Ca, 5.6% P, 4.6% Mg, 1.5% 
K, 2.1% S, .2% Zn, .13% Mn, .04% Cu, .23% Fe, .0025% I, .0041% Co, .0013 
% Se, 29510 IU/kg of vitamin A, 9443 IU/kg of vitamin D, and 94 IU/kg of 
vitamin E. 
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TABLE 2. The ANOVA tables from the models used to analyze the data. 
Data set 
1 12 Source Prepartum Liver(wk 1) Liver(wk 3) Postpartum 
Degrees of freedom 
Blocks 13 11 11 13 
CP — — 1 1 
AA 2 2 2 2 
CPXAA — — 2 2 
Covariate3 — 1 1 — 
Error 64 34 31 61 
Liver biopsies were obtained from only cows in blocks 3 to 14 
because the biopsy tool was not available to obtain biopsies from cows in 
blocks 1 and 2. 
2 The degrees of freedom for BW for block and the error term were 
11 and 53, respectively. Body weights for the complete duration of the 
study were not available for cows in blocks 13 and 14, due to mechanical 
failure of the scale. 
3 Concentrations of liver lipid in the sample taken 2 wk prior to 
expected calving date served as the covariate for the concentration of 
liver lipid from the samples taken 1 and 3 wk postpartum. 
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TABLE 3. Chemical composition of consumed diets, % of DM. 
Diet 
Chemical component Precalving 16.0% CP 18.5% CP 
CP 15.9 16.0 18.6 
RUP1 5.9 6.9 7.1 
NE|, Mcal/kg 1.72 1.76 1.76 
ADF 17.6 14.9 14.9 
NDF 29.6 26.1 24.8 
Forage NDF 25.2 20.4 20.3 
EE2 5.0 6.3 5.9 
NSC2 43.9 43.9 42.3 
Ca .58 .94 .94 
P .38 .51 .53 
Hg .24 .35 .35 
K 1.39 1.29 1.40 
S .23 .26 .29 
AA 
Arg .68 .74 .94 
His .34 .39 .45 
He .50 .51 .62 
Leu 1.30 1.40 1.56 
Lys .65 .71 .89 
Met .17 .19 .21 
Phe .66 .72 .83 
Thr .55 .59 .68 
val .75 .81 .92 
Ala .98 1.00 1.09 
Asp 1.28 1.40 1.69 
Cys .20 .20 .22 
Glu 2.04 2.18 2.60 
Gly .61 .65 .74 
Pro .86 .91 1.00 
Ser .62 .68 .78 
Tyr .47 .51 .59 
Total EAA 5.61 6.06 7.10 
Total NEAA2'3 7.06 7.53 8.71 
Total AA 12.68 13.59 15.81 
1 Calculated from NRC (12). 
2 EE = ether extract, NSC = nonstructural carbohydrates, EAA = 
essential AA, NEAA = nonessential AA . 
3 Includes Ala, Asp, Cys, Glu, Gly, Pro, Ser, and Tyr. 
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TABLE 4. Amino acid composition of feed ingredients. 
Ground Solvent Expeller Cracked 
Corn Haycrop Alfalfa shelled soybean soybean raw Blood 
AA silage silage hay corn meal meal soybeans meal2 
% of DM 
Ala .78 1.08 1.05 .73 2.10 1.89 1.76 6.64 
ASP .47 1.22 2.04 .71 5.52 4.94 4.55 8.38 
Cys .15 .26 .05 .21 .60 .54 .45 .02 
Glu .95 1.18 1.80 1.77 8.66 7.58 7.04 7.71 
Gly .32 .68 .90 .38 2.01 1.82 1.68 3.74 
Ser .28 .52 .87 .45 2.30 2.12 1.93 4.38 
Tyr .21 .41 .68 .37 1.59 1.42 1.37 2.61 
Arg .18 .44 .82 .45 3.48 2.92 2.89 3.53 
His .13 .23 .40 .26 1.23 1.08 1.03 4.52 
He .26 .54 .69 .30 1.96 1.62 1.68 .90 
Leu .74 1.07 1.46 1.17 3.59 3.20 3.04 9.97 
Lys .21 .61 .86 .30 2.95 2.29 2.49 7.35 
Met .10 .16 .15 .17 .48 .43 .44 1.41 
Phe .28 .61 .90 .46 2.27 1.99 1.93 5.61 
Thr .26 .55 .81 .35 1.87 1.72 1.56 4.21 
Val .39 .80 1.21 .46 2.20 1.87 1.87 7.02 
% of Essential AA 
Arg 7.1 8.7 11.3 11.4 17.4 17.1 17.1 7.9 
His 4.9 4.6 5.5 6.6 6.2 6.3 3.1 10.1 
lie 10.0 10.8 9.4 7.6 9.8 9.5 9.9 2.0 
Leu 28.9 21.4 20.0 29.9 17.9 18.7 17.9 22.4 
Lys 8.3 12.2 11.8 7.7 14.7 13.4 14.7 16.5 
Met 4.0 3.3 2.1 4.2 2.4 2.5 2.6 3.2 
Phe 11.1 12.1 12.3 11.8 11.3 11.6 11.4 12.6 
Thr 10.2 11.0 11.1 9.0 9.0 10.0 9.2 9.5 
Val 15.4 15.9 16.6 11.8 11.0 10.9 11.0 15.8 
1 SoyPlus® (West Central Co-op, Ralston, IA). 
2 Ring-dried blood meal. 
TABLE 5. Milk production responses during the first 105 d of lactation of multiparous Holstein cows fed 
rumen-stable Met or rumen-stable Lys+Met at two different levels of dietary CP. 
16.0% CP1 18.5% CP1 
Item Basal M L+M Basal M L+M SE2 Effects3 
DMI,4 kg/d 23.5 23.0 24.2 23.9 22.7 24.3 .6 AA 
Milk,4 kg/d 42.8 42.7 43.7 43.1 41.4 46.3 1.6 . . . .  
3.5 % FCM,4 kg/d 43.8 43.2 45.0 43.9 43.0 46.8 1.6 . . . .  
ECM,4'5 kg/d 43.6 43.1 45.0 43.6 43.0 46.8 1.6 AA 
Milk component yields 
CP,4 g/d 1316 1297 1369 1288 1304 1431 47 AA 
True protein, g/d 1231 1214 1282 1205 1221 1340 44 AA 
Fat, g/d 1571 1535 1616 1566 1553 1658 62 • • • » 
Milk composition 
CP,6 % 3.12 3.06 3.16 3.03 3.19 3.13 .05 CPxAA 
True protein, % 
Fat,8 % 
2.92 2.87 2.96 2.83 2.99 2.93 .05 CPxAA 
3.72 3.62 3.76 3.65 3.84 3.62 .09 • • • • 
SCC, x 1000 43.1 64.9 54.0 39.2 56.2 61.7 15.3 • • • • 
ECM/DMI 
Milk N/N intake9 
1.89 1.91 1.89 1.84 1.94 1.97 .04 
.358 .360 .360 .295 .317 .325 .008 CP, AA 
1 Treatments were basal, 15 g/d of a rumen-stable Met product which supplied 10.5 g Met (M), and 6 
g/d of rumen-stable Met product plus 40 g/d of a rumen-stable Lys + Met product which together supplied 
10.2 g of Met and 16.0 g of Lys (L+M). 
2 Standard error of the least-squares mean, n - 13. 
3 Effects: 
CP = Dietary CP effect, P > .10 
AA = Supplemental AA effect, P > .10 
CPxAA = Dietary CP x AA interaction, P > .10. 
4 Response to AA supplementation was not consistent during the 15-wk treatment period (Figure 1)* 
5 Energy-corrected milk, 3.5% fat, 3.2% protein. 
0 Significant dietary CP x AA interaction in wk 1 to 3 and wk 4 to 6, P < .10 (Figure 2). 
7 Significant dietary CP x AA interaction in wk 1 to 3 and wk 4 to 6, P < .10 (Figure 2). 
g 
Significant dietary CP x AA interaction in wk 1 to 3 and wk 4 to 6, P < .10 (Figure 2). 
9 Milk N yield (kg) per kilogram of N intake. 
TABLE 6. Mature equivalents (305 d) for production and composition of milk from cows prior to initiation 
of the experiment. 
16.0% CP1 18.5% CP1 
Item Basal M L+M Basal M L+M SE2 Effects3 
Number of cows 13 14 14 13 13 13 
Parity number 2. 5 3. 1 3. 0 2. 8 2. 8 3. 0 . 3 .... 
Milk, kg 11613 11501 11287 11213 11815 11881 517 • • • • 
3.5% FCM, kg 12078 11719 11671 11676 11864 11999 510 • • • • 
Milk component yields 
CP Yield, kg 375 357 365 363 372 376 15 • • • • 
Fat yield, kg 435 416 419 421 417 423 20 • • • • 
Milk composition 
CP, % 3. 25 3. 12 3. 26 3. 26 3. 16 3. 18 . 07 
Fat, % 3. 78 3. 63 3. 76 3. 78 3. 55 3. 57 
• 
13 
1 Treatments were basal, 15 g/d of a rumen-stable Met product which supplied 10.5 g Met (M), and 6 
g/d of rumen-stable Met product plus 40 g/d of a rumen-stable Lys + Met product which together supplied 
10.2 g of Met and 16.0 g of Lys (L+M). 
2 Standard error of the least-squares mean, n = 13. 
3 Effects: 
CP = Dietary CP effect, P > .10 
AA = Supplemental AA effect, P > .10 
CPxAA = Dietary CP x AA interaction, P > .10. 
H 
ui 
TABLE 7. Body weight and body condition score responses during the first 105 d of lactation of 
multiparous Holstein cows fed rumen-stable Met or rumen-stable Lys + Met at two different levels of 
dietary CP. 
Item 
16.0% CP1 18.5% CP1 
SE Effects2 Basal M L+M Basal M L+M 
BW, kg 
Wk 1 618 605 654 631 638 647 193 • • • • 
Wk 15 607 592 634 611 610 632 183 • • • • 
Change (wk 15-wk 1) -11 -13 -20 -20 -28 -15 93 • • • • 
Body condition score 
Wk 1 3.3 3.4 3.6 3.6 3.5 3. 4 .l4 CPxAA 
Wk 15 2.6 2.8 2.9 2.9 2.6 2. 5 .24 • • • • 
Change (wk 15-wk 1) - .7 - .6 - .7 - .7 -.9 ~ . 9 .24 • • • • 
treatments were basal, 15 g/d of a rumen-stable Met product which supplied 10.5 g Met (M), and 6 
g/d of rumen-stable Met product plus 40 g/d of a rumen-stable Lys + Met product which together supplied 
10.2 g of Met and 16.0 g of Lys (L+M). 
2 Effects: 
CP = Dietary CP effect, P > .10 
AA = Supplemental AA effect, P > .10 
CPxAA = Dietary CP x AA interaction, P > .10. 
3 Standard error of the least-squares mean, n = 11. 




TABLE 8. Prepartum DMI, and liver lipid and blood metabolites concentrations of early lactation 
multiparous Holstein cows fed rumen-stable Met or rumen-stable Lys + Met at two different levels of 
dietary CP. 
16.0% CP1 18.5% CP1 
Item Basal M L+M Basal M L+M SE Effects2 
Prepartum DMI,3'4 kg/d 
Liver lipid,8 % DM 
15.1 14.1 16.5 15.4 14.7 15.3 .8b • • • • 
Number of cows7 7 10 7 8 9 8 
4.28 
3.6® 
Wk 1 postpartum 28.6 24.8 35.6 21.5 24.8 26.2 • • « • 
Wk 3 postpartum 26.7 24.6 27.7 24.2 24.9 25.5 
Plasma metabolites 
Glucose, mg/dl 3.711 80.8 78.3 73.8 80.1 79.0 74.1 AA 
NEFA, ueg/L 
BHBA, mg/dl12 
399 374 461 377 447 431 3911 
. 7411 
.7" 
4.27 4.28 4.68 5.07 4.83 5.59 CP 
Serum urea, mg/dl 13.3 12.4 13.1 19.4 17.5 17.8 CP 
treatments were basal, 15 g/d of a rumen-stable Met product which supplied 10.5 g Met (M), and 6 
g/d of rumen-stable Met product plus 40 g/d of a rumen-stable Lys + Met product which together supplied 
10.2 g of Met and 16.0 g of Lys (L+M). 
2 Effects: 
CP = Dietary CP effect, P > .10 
AA = Supplemental AA effect, P > .10 
CPxAA = Dietary CP x AA interaction, P > .10. 
3 Mean represents DMI of all cows for 7 d prior to parturition. 
4 Significant AA effect was found for day 1 and 2 prepartum, P < .10 (Figure 3). 
6 Standard error of the least-squares mean, n = 26. >-* 
ut 
vo 
0 Means are covariately adjusted using the liver lipid concentration of the sample obtained 2 weeks 
prepartum. 
7 Number of cows from which three biopsies were obtained. If any of the three liver biopsies from a 
cow were not obtained, none of the liver data from that cow were used. 
g 
Standard error of the least-squares mean , n = 15. 
0 Standard error of the least-squares mean, n = 7. 
10 Significant ftft effect was found in wk 2, P < .10 (Figure 4). 
11 Standard error of the least-squares mean, n = 13. 
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FIGURE 1. Dry matter intake, and yield of milk, energy-corrected milk. 3.5% FCH, 
milk CP, and milk true protein by week of lactation for early lactation multiparous 
Holstein cows fed no rumen-stable AA, 15 g/d of a rumen-stable Met product which supplied 
10.5 g/d of Met, or 6 g/d of rumen-stable Met product plus 40 g/d of a rumen-stable Lys 
plus Met product, which together supplied 10.2 g of Met and 16 g of Lys. (Response to 
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FIGURE 2. Concentration of milk CP, true protein, and fat in time periods wk 1 to 3 and 
4 to 6 postpartum for early lactation multiparous Holstein cows fed either a 16.0 or 
18.5% CP diet with either no rumen-stable AA. 15 g/d of a rumen-stable Met product which 
supplied 10.5 g/d of Met, or 6 g/d of rumen-stable Met product plus 40 g/d of a 
rumen-stable Lys plus Met product, which together supplied 10.2 g of Met and 16 g of Lys. 
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FIGURE 3. Prepartum DMI by day prepartum for late gestation multlparous Hoi stein 
cows fed no rumen-stable AA. 15 g/d of a rumen-stable Met product which supplied 
10.5 g/d of Met, or 6 g/d of rumen-stable Met product plus 40 g/d of a rumen-stable 
Lys plus Met product, which together supplied 10.2 g of Met and 16 g of Lys 
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FIGURE 4. Concentration of plasma glucose by week of lactation for early lactation 
multlparous Holstein cows fed no rumen-stable AA, 15 g/d of a rumen-stable Met which 
supplied 10.5 g/d of Met. or 6 g/d of rumen-stable Met product plus 40 g/d of a 
rumen-stable Lys plus Met product, which together supplied 10.2 g of Met and 16 g of 
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FIGURE 5. Concentration of plasma BHBA by week of lactation for early lactation 
multlparous Holsteln cows fed either a 16.0 or 18.5% CP diet. 
(A significant CP effect was found in wk 3 and wk 4, P < .10). 
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